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Abstract

The liver hosts an immune suppressive environment, favoring metastatic seeding and
proliferation of cancer cells. Pharmacological treatments, including immunotherapies,
fail in the presence of liver metastases (LMS). Therefore, identifying new interventional
tools and key targetable players involved in the immunosuppressive environment is of

pivotal importance.

Vesicular stomatitis virus G protein-pseudotyped lentiviral vectors (LVs) delivered
systemically to mice and non-human primates efficiently transduce liver cells, including
resident macrophages, termed Kupffer cells (KCs). Building on these findings, we
developed a novel LV-based platform, termed KC-LV, to selectively engineer KCs in
vivo with the goal of delivering bio-therapeutics specifically to LMS. To this aim, the
KC-LV design exploits a reconstituted mannose receptor ¢ type 1 (MRC1) promoter,
active in macrophages, including KCs. To further fine-tune KC specificity, the KC-LV
also includes microRNA target (miRT) sequences that prohibit off-target transgene
expression in liver sinusoidal endothelial cells (LSECs) and hepatocytes. Upon systemic
delivery of the KC-LV, we observed selective transgene expression in KCs which was

enhanced in areas surrounding LMS.

We then equipped the KC-LV with an IFNa-coding sequence, a cytokine with
pleiotropic immune effects. Long-term analysis in mice showed LV dose-dependent,

sustained and well-tolerated IFNa expression.

To investigate the therapeutic efficacy, we employed different murine models of
colorectal carcinoma (CRC)-derived liver metastasis (LMS) including a CRC organoid-
based syngeneic mouse model of LMS containing molecular and histopathological
hallmarks of the human disease. IFNa LV treatment significantly delayed LMS growth
in all tested models reaching a complete response in up to 50 % of treated animals.

Single cell omics of LMS from IFNa LV-treated mice showed upregulation of IFNa-
responsive genes, macrophage skewing to an antigen presenting (M1-like) polarization
state, and expansion as well as reduced exhaustion of LMS-associated antigen specific
CDB8 T cells. Employing spatial transcriptomics, we found that the interface between LMS
and liver parenchymal tissue was the major site of IFNa action, which was associated

with enhanced immune activation and antigen presentation.



When comparing LMS of treatment responsive to resistant mice, we found
accumulation of activated CD8 T-cells in responsive lesions and instead a high number
of immunosuppressive T regulatory type 1 (TR1)-like cells in resistant mice. Molecular
analyses suggest that TR1-like cell infiltration was associated with increased 1L10

signaling in resistant LMS.

In summary, we developed an innovative gene-based platform that upon a single well-
tolerated intravenous LV infusion rapidly promotes a protective therapeutic response
against LMS through enabling immune activation. However, we also found that TR1-like
cells might promote tumor immune evasion in presence of IFNa signaling in this setting,
suggesting targeting of TR1-like cells when facing resistance to cancer immunotherapies

that trigger IFNa signaling.
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1 Introduction

1.1 Liver Structure and function

With an average weight of 1.5 kg, the liver is one of the biggest organs in the human
body playing a central role in metabolic turnover as well as detoxification. Structurally,
the liver is divided into 50.000 to 100.000 lobules. As depicted in figure 1, each lobule is
composed of a central vein in the center and six portal veins which are located at the
interface between different lobules giving each lobule a hexagon-like form. The
connection between central vein and portal vein is composed of sinusoids, small blood
vessels with an average diameter of about 10 to 15 um. Thereby, the blood from the
digestive tract enters the liver through the portal vein, drains through the sinusoids, where
it mixes with arterial blood, and is collected in the central vein. Then, the blood exits the
liver by the hepatic vein. With about 80 % of the total cellular population, hepatocytes
are the most abundant cell types in the liver (Schulze et al, 2019). With high secretory
and internalizing activity, hepatocytes are addressed to as the workhorses of the liver and
play a central role in several biological processes as metabolism, detoxification and
protein synthesis (Zhou et al, 2016; Friedman, 1997; Schulze et al, 2019).

Liver Liver lobule Hepatic cellular plate

Hepatocyte

Kupffer cell

9" Space of Disse

Gall bladder Endothelial cell

Sinusoid

Stellate cell Sinusoid

Endothelial cell Stellate cell

1Hepatocyte

Kupffer cell

- Branch of hepatic artery

Space Branch of portal vein

of Disse ! Portal triad
Bile
duct

Figure 1: Anatomical structure of the human liver at different resolution level. Upper left: overall structure of the
liver and the gall bladder. Center: Structure of a liver lobule. Right: anatomical arrangement of a portal vein and a
central vein connected by liver sinusoids. Lower left: cellular composition of a liver sinusoid (Friedman, 1997).

In order to exert their function in detoxification and protein secretion, hepatocytes
require a close connection to the bloodstream. This is provided by the particular structure
of the sinusoidal wall, composed of LSECs. This wall contains a high density of open
pores and fenestrae, which do not contain any physical barrier, hence allow a direct access
from the bloodstream to hepatocytes. Nutrients as well as potentially toxic material,

which enter the blood stream in the digestive tract and drain into the liver by the portal
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vein, can be internalized and metabolized by hepatocytes. Metabolites can then be stored
or released into the bloodstream, upon requirement (Zhou et al, 2016; Friedman, 1997).
Furthermore, hepatocytes produce bile, a cocktail in which the main components are
cholesterol, bilirubin and bile salts and plays a crucial role in digestion of fats in the small
intestine (Ticho et al, 2019). Thereby, bile is collected in the bile ducts, which are located

in close proximity to the portal vain, and drained into the gall bladder.

This liver has an astonishingly high potential for self-renewal. Studies in mice have
shown that after removal of two thirds of the liver complete regeneration is observed with
the liver reaching its original weight after 10 days (Gilgenkrantz & Collin de I’Hortet,
2018). Accordingly, in human patients undergoing partial hepatectomy a remaining
volume of disease-free liver tissue of 25 % has been described as sufficient for full
recovery of the patient (Vauthey et al, 2000). The high regenerative potential of the liver
may be required to compensate eventual hepatic injury caused by exposure to toxic

material.

1.1.1 Kupffer cells — a population of liver resident macrophages

Kupffer cells are an abundant population of liver-resident macrophages. With about
80 % they compose the biggest fraction of tissue resident macrophages in the whole
human body (Kakinuma et al, 2017). As shown in Figure 1, they are located in the space
of Disse, which describes the area between the epithelium of sinusoids and hepatocytes,
and therefore are closely associated to LSECs. KCs were discovered in 1876 by Karl
Wilhelm von Kupffer who addressed to them as stellate cells due to their morphology
(Kupffer, 1876). Together with LSECs and liver-resident dendritic cells (DCs), KCs
constitute the reticulo-endothelial system. Based on the expression of pattern recognition
receptors and other scavenger receptors, these cells recognize pathogen-associated
molecular patterns leading to phagocytosis of viral and bacterial moieties, antigens and

other toxins derived from the sinusoidal blood (Nguyen-Lefebvre & Horuzsko, 2015).

KCs are established during embryogenesis. They develop after embryonic day (E) 12.5
originating from late yolk sac-derived erythro-myeloid progenitors (van de Laar et al,
2016). Their life span and potential to self-renew however is controversially debated.
Some studies predicted an estimated life span of 3.8 days while donor derived KCs in
liver transplanted patients can be detected for up to one year after transplantation (Naito
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et al, 2004). There are two models proposed for KC homeostasis in healthy conditions.
In one, the KC compartment is renewed from bone marrow-derived monocytes, whereas
in the other KCs are capable of self-renewal independently from bone-marrow derived
cells (van Furth, 1980; Zigmond et al, 2014). However, independently of the origin and
self-renewal capacity of KCs under homeostatic conditions, it is clear, that bone marrow-
derived monocytes can repopulate the liver displaying a KC phenotype in case of KC
depletion. Mouse studies have shown that the liver is repopulated within 14 days
(Yamamoto et al, 1996; Diesselhoff-den Dulk et al, 1979).

1.1.1.1 Mannose receptor C-type 1, a marker of M2-like macrophages

One of the scavenger receptors highly expressed by KCs is the mannose receptor C-
type 1 (MRC1). MRC1 is a 166 kilo Dalton (kDa) type 1 transmembrane protein. It is
expressed by a variety of myeloid cells, including monocytes, some dendritic cells and
tissue resident macrophages as KCs, as well as LSECs. Upon binding of mannose- and
fucose-based glycol structures, MRC1 mediates endocytosis and cellular trafficking of
glycoproteins present on the surface of viral and bacterial pathogens (Feinberg et al,
2021). Interestingly, MRC1 is highly upregulated on alternatively activated (M2-like)
macrophages (Orecchioni et al, 2019a). This phenotype is predominantly present in tumor
associated macrophages (TAMSs) (Scodeller et al, 2017; Squadrito et al, 2012). Indeed,
studies have shown that the expression of MRC1 is regulated by the presence of
inflammatory signals in the circulation. Inflammation enhancing molecules such as
interferon gamma (IFNy) and lipopolysaccharide (LPS) led to a downregulation of MRC1
expression, while dexamethasone, a molecule with immunosuppressive effect, induced
upregulation of MRC1 expression (Shepherd et al, 1990; Alan et al, 1986; Shepherd et
al, 1985). Therefore, MRC1 is downregulated in the initial phase of inflammatory
reaction allowing robust immune reactions to be established. At later stages, MRC1 is
upregulated and involved in the removal of inflammatory signaling molecules. This
finding in combination with the results of studies on MRC1 deficient mice by
Nussenzweig and collaborators suggests a general involvement of MRCL1 in the
homeostasis and remodeling of the landscape of endogenous glycosylated proteins (Lee
et al, 2002).
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1.1.2 The immune suppressive environment in the liver

The liver is characterized by an immunosuppressive and tolerogenic environment. This
is required since the healthy liver is continuously exposed to endotoxins and bacterial
products originating from the digestive tract, which can induce inflammatory responses.
In order to prevent a chronic hepatic inflammation, a tolerogenic behavior towards these
potentially immune stimulatory signals is required (Robinson et al, 2016). The
tolerogenic potential of the liver is strikingly evident in the field of solid-organ
transplantation. For example, the occurrence of cardiac rejection events in patients
following heart transplantation is increased compared to patients undergoing a
combination of heart and liver transplantation (Raichlin et al, 2009). Furthermore, while
most of patients undergoing any type of solid organ transplantation require life-long
immune-suppressive regiments and experience a high number of acute rejection events,
immunosuppressive regiment can be completely abrogated in about 20 % of patients with
liver transplantation (Londofio et al, 2013).

KCs play a fundamental role in the maintenance of the tolerogenic microenvironment
and suppression of inflammations in the liver. Equally to other macrophage populations,
KCs are considered antigen presenting cells (APCs) hence are capable of cross presenting
antigens in a MHCII dependent manner in order to induce antigen specific immune
reactions. Interestingly, also LSECs and hepatocytes have been described to contain
antigen presenting functions (Bénéchet et al, 2019; Knolle & Wohlleber, 2016). The
expression level of MHCII on KCs and other liver resident APCs as DCs are decreased
compared to APC-populations outside the liver, which reduces the potential to effectively
induce immune reactions (AYALA, 1992; Nguyen-Lefebvre & Horuzsko, 2015). As
discussed above, KCs are the cells that encounter the most with antigens arriving in the
liver due to their positioning in the sinusoids and their potential to actively recognize and
phagocyte pathogen by pattern recognition receptors (Kakinuma et al, 2017). In most
myeloid cells, engagement of pattern recognition receptors activates a number of
intracellular signaling cascades such as NF-kB signaling, JAK/STAT signaling and
MyD88 dependent pathways leading to expression and secretion of a variety of pro-
inflammatory molecules. This includes Type-1 Interferons, Tumor necrosis factor alpha
(TNFa) and others which are crucial to mount an effective inflammatory response (Lee

& Kim, 2007). In contrast to that, KCs respond to sensing of bacterial endotoxins with
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secretion of anti-inflammatory cytokines such as interleukin (IL)-10, tumor growth factor
beta (TGFp) and prostaglandins (Knoll et al, 1995; Callery et al, 1991; Roth et al, 1998).
This leads to a reduced expression of costimulatory molecules in other APCs such as DCs
hence preventing the engagement of the adoptive immune system (Cilenti et al, 2021).
Furthermore, increased levels of IL-10 lead to a recruitment of different regulatory T cell
populations as FoxP3 dependent regulatory T cells (Tregs) and typel regulatory T cells
(TR1s) (Knolle et al, 1998; Roncarolo et al, 2018a). Furthermore, the hepatic
environment is also characterized by the presence of large numbers of myeloid derived
suppressor cells (MDSCs). MDSCs describe a population of bone marrow-derived
myeloid progenitor cells with a substantial immunosuppressive potential which will be
addressed in section 1.5.4.2 (Weston et al, 2019).

Due to the tolerogenic capacity of the liver, several studies attempt to take advantage
of this environment in order to generate antigen-specific tolerance. However, limited

success has been achieved so far (Doherty, 2019; Richardson et al, 2020).

Despite the immunosuppressive hepatic environment in homeostatic conditions, the
liver is nevertheless capable of mounting effective immune reactions under certain
circumstances. lannacone and coworkers have shown that hepatic priming under normal
conditions leads to generation of dysfunctional antigen-specific CD8 T cells. Upon
additional treatment with IL-2 that T cell phenotype was at least partially rescued. This
confirms that the hepatic environment could be a promising target for vaccination
approaches due to the high number of APCs present (Bénéchet et al, 2019).

1.2 Liver metastasis in colorectal carcinoma, an unmet medical need

1.2.1 Frequency and characteristics of colorectal carcinoma

With an incidence of more than 1.9 million newly diagnosed cases and 935.000 fatal
cases in 2020 worldwide, colorectal carcinoma is ranked as the third most common type
of malignancy but second in terms of mortality (Sung et al, 2021). Hereby, the age-
standardized incidence rate is substantially increased in man compared to woman with
incidence between 23.6 and 16.3 cases per 100.000 individuals per year, respectively
(Abancens et al, 2020). A similar pattern for the mortality has been observed confirming
the higher risk of CRC for male individuals. Furthermore, incidence rates increase rapidly
with age. Accordingly, in the United States from 2012 until 2016 the incidents rates of
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CRC per 100.000 individuals in age groups below 44 years of age remained below 20
cases but increased up to 198 cases in the group of age 75 -79 years (Siegel et al, 2020).
Next to gender and age dependent differences, an unequal global distribution of CRC
incidences has been detected. Interestingly, there is a positive correlation between the
human development index, a measure for gross national income, life expectants and
educational attainment, and the incidence rate of CRC (Fidler et al, 2016). This supports
the hypothesis of the risk for developing CRC to be highly dependent on the lifestyle
(Sung et al, 2021). In accordance, major risk factors associated with an increased CRC
incidence are low physical activity, obesity, a diet based on animal-sourced food, heavy
alcohol consumption and smoking (Siegel et al, 2020; Abar et al, 2018; Vieira et al,
2017).

CRC arises through neoplastic transformations of epithelial cells in the mucosa of the
colorectal compartment. The colon epithelium is formed by terminally differentiated cells
originating from a population of multipotent stem cells. Due to the short life span of colon
epithelial cells, these stem cells, resident at the basis of crypts, undergo a large number
of cell cycles (Barker et al, 2008). This allows an increasing accumulation of somatic
mutations in individual crypts ultimately leading to a malignant transformation (Siudeja
et al, 2015). The development of colorectal adenocarcinoma is commonly divided in
several stages. In 1990, Fearon and Vogelstein proposed a model, which describes the
acquisition of more mutations in each developmental stage of CRC (Fearon & Vogelstein,
1990). The first step, regarded to as tumor initiation, leads to formation of desmoplastic
crypts and is defined by a loss-of function mutation of the tumor suppressor gene APC,
coding for the adenomatous polyposis coli protein. This common CRC mutation leads to
an activation of Wnt/B-catenin signaling, hence, allowing maintenance of stem cell
properties and giving the transformed epithelial cell a selective growth advantage (Fodde,
2002; Testa et al, 2018). Indeed, patients with familial adenomatous, a rare genetic
disorder in which patients harbor a heterozygous loss of function mutation in the APC
gene, develop thousands of colorectal adenomas, a phenomenon called lynch syndrome
(Half et al, 2009). However, only 5 % of diagnosed cases of CRC are related to lynch
syndrome. Further development of desmoplastic crypts towards adenoma promotion and
tumor progression is characterized by the acquisition of mutations favoring cell

proliferation. Common mutations in this context are, among others, a gain-of-function
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mutations of the Kirsten rat sarcoma virus gene (KRAS) and a gain of function mutation
of BRAF at early stages as well as a loss of function or dysregulating mutations of the
tumor suppressor gene TP53 and loss of function mutation of SMAD4 at later stages
(Hussain et al, 2015; Huang et al, 2018). In general, about 65 % of CRC cases are the
result of sporadic somatic mutations and only a minor fraction can be associated to

genetically inherited genetic dispositions (Keum & Giovannucci, 2019).

According to the American Cancer Society, progression of CRC development is
divided into five mayor stages. Stage 0: describes the earliest stage of cancer, in which
the carcinoma has not grown beyond the mucosa layer of the colorectal area; stage I: is
characterized by an invasion of the submucosa and muscularis propria; stage 1l: describes
a CRC which has grown through all layers colon or rectum; stage I1l: CRC, which has
spread into proximal lymph nodes and/or is attached to nearby organs; stage 1V: This last
stage is characterized by the presence of metastasis in distal organs (American Joint

Committee on Cancer, 2017).

CRC is commonly divided into left-sided and right-sided CRC. This classification is
dependent on the tumor site with right-sided CRC arising in the cecum, ascending colon,
hepatic flexure or traverse colon and left-sided CRC occurring in the splenic flexure,
descending colon, sigmoid colon or rectum (Mukund et al, 2020; Baran et al, 2018). The
basis for this distinction can be found in their embryological origin. While the right-sided
part of the colon is originated from the midgut, the left-sided colon and rectum are of
hindgut origin (lacopetta, 2002). Thereby, the 5-year survival rate for right-sided CRC is
significantly lower compared left sided CRC with 74.0 % and 70.4 %, respectively
(Nakagawa-Senda et al, 2019). Molecular analysis revealed a higher incidence of
mismatch repair impaired CRC for right-sided CRC (about 20 % of cases) compared to
left-sided CRC (5 % of cases) leading to a microsatellite instable phenotype (lacopetta et
al, 2010; Baran et al, 2018). Mismatch repair impaired CRC is characterized by a rapid
accumulation of mutations leading to a poor differentiation status but also accumulation
of neoantigens. In line with this, higher infiltration of lymphocytes has been observed in
microsatellite instable CRC (Saeterdal et al; lacopetta et al, 2010). However, as
mentioned before, the majority of CRC cases (about 80 %) are characterized as
microsatellite stable, hence, having no dysfunction in the mismatch repair machinery
(Nojadeh et al, 2018).
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1.2.2 High frequency of liver metastasis in colorectal carcinoma

While primary CRC can be surgically removed in most of the cases and has a 5-year
survival rate of 64 %, the appearance of distant metastasis dramatically changes the
predicted outcome with a 5-year survival rate of only 12 % (Siegel et al, 2019; Tomlinson
et al, 2007). CRC is considered a highly metastatic carcinoma. Thereby, the liver is
considered the most frequent side of CRC metastasis. The occurrence rate of hepatic
metastasis in the live span of a patient diagnosed with CRC is about 50 % (Tomlinson et
al, 2007). Other prominent metastatic sites for CRC are the lung with an incidence rate
of 10-15 % (Pihl et al, 1987; Manfredi et al, 2006) and peritoneum in about 5 % of the
patients (Lemmens et al, 2011; Vatandoust et al, 2015). In general, about 95 % of
metastatic CRC cases display a microsatellite stable and therefore not immunogenic

phenotype (Gholami et al, 2021).

1.2.3 Formation of liver metastasis

Formation of metastasis can be in general divided into five key steps, namely invasion,
intravasation, circulation, extravasation and colonization (Fares et al, 2020). Invasion
describes the process of a cancer cell to detach from the primary tumor and invade the
healthy surrounding tissue. Epithelial cells are conventionally immobile and highly
dependent on survival signals from neighboring cells (Fouad & Aanei, 2017). Therefore,
acquisition of capabilities like mobility, resistance to stress and independent survival is
crucial. This process of trans-differentiation is called epithelial-mesenchymal-transition
(EMT) (Ye & Weinberg, 2015). The mesenchymal phenotype is achieved by activation
of several signaling pathways as tumor growth factor betta (TGFf)-signaling and Wnt-
signaling as well as epigenetic changes triggered by external influences as hypoxia
(Craene & Berx, 2013; Nieto & Cano, 2012; Fares et al, 2020). The second step, invasion
and intravasation, is the process of cancer cells entering the vasculature structure. Wong
et al. has described a process in which cancer cells partially disrupt the endothelium
surrounding the blood vessel and detach into the blood stream, a process mainly driven
by the expression of several integrins as E-cadherin (Wong & Searson, 2017;
Padmanaban et al, 2019). Circulation describes the travelling of cancer cells through the
blood stream, in which cancer cells are subject to high mechanic stress. Most cancer cells
circulate as single cells, but also clusters of circulating cancer cells have been observed

in the blood stream. In general, engraftment of a single circulating cancer cell can lead to
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successful formation of metastasis. However, a recent study by Taftaf et al has shown,
that the efficiency metastasis formation is increased for circulating clusters of cancer cells
(Taftaf et al, 2021). Extravasation is based on trapping of circulating cancer cells in the
microvascular structure. Extravasation is based on trapping of circulating cancer cells in
the microvascular structure. Also, for the process of trespassing through the blood vessel
endothelium into the metastatic organ integrins play a crucial role (Massagué & Obenauf,
2016). Efficiency of extravasation is highly dependent on the structure of vessels in
different organs. Blood vessels in the liver are characterized by a high level of
permissiveness, hence, facilitating the process of extravasation (Fouad & Aanei, 2017).
A recent study showed that trapping of metastatic CRC clones leads to the formation of
a fibrotic niche in sinusoids, which increases extravasation efficiency and allows
engraftment even of less metastatic clones (Kok et al, 2021). The last step in the process
of metastasis formation, colonization, describes the process homing of cancer cells into
the site of metastasis. Normally, the environment in the target organ is suboptimal and
does not allow survival of cancer cells, as they are poorly adapted to this particular
environment (Valastyan & Weinberg, 2011). Therefore, formation of a premetastatic
niche is of importance. Formation of a premetastatic niche describes the remodeling of
the microenvironment in the metastatic target organ to be more submissive to the
engraftment of circulating cancer cells. Premetastatic niche formation is based on the
release of systemic signals from the primary tumor, such as vesicles carrying tumor
derived mRNA and other signaling molecules. These are taken up by different cells at the
target site such as fibroblasts ultimately triggering a remodeling of extracellular matrix
towards a more cancer cell submissive state (Zomer et al, 2015). Myeloid-derived
suppressor cells (MDSCs) are discussed to play a role in the formation of a premetastatic
niche as they have been shown to be accumulated in the premetastatic liver in a murine
model of CRC as well as in the circulation of stage I to 111 diagnosed CRC patients (Zeng
et al, 2021).

1.2.3.1 The liver favors metastasis formation

The high incidence of liver metastasis in the context of CRC is related to several
reasons. One is the direct blood flow pattern from the colon towards the liver. In human,
blood from the right sided colon flows through the superior mesenteric vein while blood

from the left sided colon is collected in the inferior mesenteric vein. Merging of both
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veins gives rise to the portal vein, which directly flows towards the liver (Rhu et al, 2017).
Hence, cancer cells which underwent successful intravasation arrive directly to the liver
as first potential metastatic organ. Another reason is the previously described
permissiveness of the sinusoids in the liver, which is characterized by the presence of
open pores and fenestrae in the wall. These openings in the sinusoidal wall, lack a physical
barrier underneath the epithelium as a basal lamina, hence, providing a direct path for
extravasation of cancer cells into the parenchymal hepatic tissue (Braet & Wisse, 2002).
A third reason is the immunosuppressive microenvironment in the liver which has been
described before. This hepatic environment favors metastatic colonialization by inhibiting
potential immune reaction. Taken together, the liver milieu possesses characteristics
supporting metastasis formation in the steps of extravasation as well as cancer cell

seeding.

1.2.3.2 Liver metastasis formation is supported by acquisition of driver mutations

The potential of cancer cells to successfully perform the previously described steps for
metastasis formation is supported by acquisition of different mutations. To identify driver
mutations involved in metastasis formation, Oga et al compared by RNA- and whole
exome sequencing a CRC cohort of 16 patients with a high primary tumor burden without
distant metastasis to a cohort of 12 patients with small primary tumor that developed liver
metastasis. While common CRC driver mutations as KRAS and APC were present in both
cohorts, 987 mutated genes were identified exclusively in the metastatic cohort,
suggesting their involvement in liver metastasis formation. Strikingly, these genes were
enriched in pathways for extracellular matrix receptor interaction and focal adhesion (Oga
et al, 2019). A more focused study by Sakai et al analyzed the role of five common CRC
driver mutations in metastasizing towards the liver, namely Apc, Kras, tumor growth
factor receptor 2 gene (Tgfbr2), p53 and f-box and wd-40 domain-containing protein 7
gene (Fbxw7). In mouse models, they confirmed that presence of mutations in Apc, Kras
and Tgfbr2 is of main importance for development of liver metastasis confirming the
requirement of efficient EMT (Sakai et al, 2018). Next to cell survival, deregulation of
the cell cycle leading to enhanced cell proliferation is key in metastasis formation as well.
While mutation of one allele of the cell cycle regulatory tumor suppressor gene p53 is
sufficient for enhanced primary CRC formation, Nakayama et al describes that the

metastatic potential of CRC clones is strongly increased when the p53 gene is mutated in

24



both alleles, as can result from loss of heterozygosity (Kok et al, 2021). Especially, the
loss of function mutation commonly observed in Tgfbr2 is of interest. Studies by Eduard
Batlle and collaborators have highlighted the importance of TGFf signaling in the tumor
microenvironment (TME) of primary and metastatic CRC as driving force for immune
evasion by the promotion of T cell exhaustion (Tauriello et al, 2018). However, TGFf
signaling in epithelial cell of the skin and colon has an antitumoral effect. Indeed, TGFf
regulates growth of epithelial cell structures in homeostatic conditions prevents
transformation and proliferation (Tauriello et al, 2022). Therefore, loss of TGFb signaling

of epithelial cells is a crucial step in tumor formation of metastatic CRC.

1.2.3.3 The ambiguous role of Kupffer cells in metastasis formation

KCs are believed to play an ambivalent role in the process of LMS formation. In the
initial phase of metastatic seeding, KCs have the ability to clear circulating cancer cells
by phagocytosis (Gl et al, 2014). During growth of LMS the effect of KCs is dependent
on the stage of growth progression. In a mouse model of CRC-derived LMS, Wen et al
show that depletion of KCs at an early phase leads to an increased tumor growth whereas
depletion of KCs at a late stage had a tumor inhibitory effect, therefore revealing an early
inhibitory and a late tumor promoting effect of KCs (Wen et al, 2013).

1.2.4 Effective treatment options of metastatic CRC, an unmet clinical need
Treatment options are highly dependent on tumor progression at time of diagnosis. For
CRC diagnosed at stages I-111 treatment for the vast majority of patients (about 98 %) is
based on resection of the primary tumor. For stage Il and especially stage 111 CRC, this is
surgery is supported by pre and/or postoperative chemotherapeutic or radio therapeutic
treatment. With a 5-year survival rate of about 95 %, 90 % and 65 % in stage I, 11 and 111
CRC, respectively, this strategy has proven to be quite successful (Brouwer et al, 2018).
For CRC diagnosed at stage 1V, hence in the presence of distant metastasis, treatment
options are more limited. The only potentially curative treatment option for stage IV CRC
patients with liver metastasis is a surgical resection of the metastasis. This results in an
increased 5-year overall survival to a comparable level of stage Il diagnosed CRC
patients (Morris et al, 2010). Despite a tremendous investigation of new treatment options
as immunotherapeutic and targeted approaches only limited success has been observed.

In fact, Brouwer et al observed only a mild improvement of the 5-year survival rate
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between the patient cohorts diagnosed with stage IV CRC in the Netherlands between
1989 and 1994 (5 year survival rate of about 5 %) and between 2010 and 2014 (5 year

survival rate of about 15 %)(Brouwer et al, 2018).

Therefore, up to now CRC prevention and early detection is believed to be one of the
most effective strategies against CRC (Marcuello et al, 2019). However, despite
improved screening methods and more close CRC detection programs, still about 25 %
of CRC are diagnosed at an advanced metastatic stage (Xie et al, 2020b; Brouwer et al,
2018).

1.3 Preclinical models of CRC-LMS

As previously discussed, metastasis formation is a complex multistep process during
which cancer cells are shaped and selected upon their potential to survive throughout
these steps and their efficiency to give rise to metastasis. Furthermore, there is a distinct
interplay between cancer cells, parenchymal cells and cells of the immune system giving
rise to the tumor microenvironment which will be further discussed. Animal models can
provide mechanistic insights into tumor development and provide a platform for
development of new treatment options. In this context, however, it is an enormous
challenge to provide animal models that proficiently and accurately recapitulate the
human disease (Oh et al, 2017; Heijstek et al, 2005). Animal models of liver metastasis
turn out to be particularly challenging due to their multifocal characteristics and the fact

that the hepatic environment is a crucial factor.

Rodents, especially mice, are preferably used in preclinical studies due to their
biological, anatomical and immunological similarities to human as well as the
comparably simple handling requirements, fast and high breeding capacity and the
possibility for genetic engineering (Vandamme, 2014). Early models of CRC were based
on spontaneous tumor development in tumor prone mice and rats reaching a CRC
incidence of about 40 %. (Miyamoto & Takizawa, 1975; Kobaek-Larsen et al, 2000). To
increase the probability of tumor development, these models have been further developed
by exposure of the mice to cancerogenic agents such as dimethylhydrazine leading to a
tumor incidence of up to 100 % (Heijstek et al, 2005). Spontaneous models have the
advantage that tumor development and establishment of metastasis is subject to the same

process as in naturally occurring diseases. Therefore, these models are believed to harbor
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the most accurate reconstitution of naturally occurring TME (Saito et al, 2020). On the
other hand, these models lead to a broad variation of tumor size and especially incidence
of metastasis in the liver. Reason for that is the fast uncontrolled acquisition of tumor
driver mutations in these models leading to a high mutational burden compared to human
disease and a low reproducibility between different animals. Recent advances in genome
editing technologies and the development of inducible systems have simplified the
generation of transgenic mice with a defined and tissue specific set of mutations. This has
increased the reproducibility in terms of tumorigenic mutations. Control of tumor growth
as well as level and organ-specificity of metastasis formation, however, remains a major
challenge for accurate CRC-LMS modelling. Hence, while these models are of high
interest for the investigation of tumor development, they are rather less suitable for

translational research aiming at drug development (Saito et al, 2020; Bdrtin et al, 2020).

In order to overcome this issue, new models have been developed which are based on
the implantation of CRC-derived cell lines. These cell lines can be implanted
orthotopically into the liver of mice and, due to the controlled genetic background, lead
to a reproducible formation of CRC derived tumors in the hepatic environment.
Heterotopic implantation, for example subcutaneous injection, of CRC-LMS cells is
possible as well. Due to the critical influence of the hepatic environment onto the
development of liver metastasis, heterotopic models are considered less valuable for the
investigation of CRC-LMS (Biirtin et al, 2020; Saito et al, 2020). Implantation-based
tumor models are commonly divided into different categories: xenograft models and
syngeneic models. This division is based on the genetic background of the implanted

tumor cells and the recipient mice.

Xenograft models describes a set up in which the genetic background of the implanted
tumor cells and the recipient mouse strain are different. The most valuable advantage of
xenograft models is the possibility to use patient-derived material, which can be
transplanted into mice. Therefore, a precise recapitulation of the genetic alterations of
specific patients as well as the presence of heterogenicity of tumor cells is given (Inoue
et al, 2017). This allows drug screening even in a patient specific manner (Bertotti et al,
2011). The disadvantage, however, is the restriction to the usage of immunosuppressed
mouse strains as transplantation of human material into immunocompetent mice would

lead to an immediate rejection. Due to the absence of a functional immune system,
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accurate recapitulation of the TME is not possible and neither antitumor nor protumor
Immune reactions can be established to full extend. This, in turn, excludes these models
as tool for investigation of immunotherapies which are based on the activation of the host
immune system (Bdrtin et al, 2020). Development of humanized mouse models, in which

the hematopoiesis is of human origin, can overcome the hurdle only partially.

Syngenetic mouse models are based on the transplantation of mouse CRC-LMS cells
into mice of the same genetic background. The match of the major histocompatibility
complex (MHC) on graft and recipient prevents tumor rejection and allows usage of
immunocompetent mice. Hence, development of a TME with its immunosuppressive
characteristics as well as antitumor immune reactions are enabled. Therefore, syngeneic
mouse models are the most commonly used strategy in translational research for the

development of immunotherapies (Birtin et al, 2020).

One of the most commonly used murine CRC cell lines in this context are MC38 cells.
They were isolated from primary stage 111 CRC of C57BI6 mice that were exposed over
a period of seven month to the carcinogen 1,2-dimethylhydrazine dihydrochloride
(Corbett et al, 1975). Due to their strong cancerogenic potential, MC38 are capable of
growing in the vast majority of organs and sites in the mice. This includes the liver, hence,
giving rise to liver metastasis with origin of colorectal carcinoma. In this context, MC38
cells can be seeded to the liver in different ways. Orthotopic transplantation of MC38
cells into the colon leads to formation of a primary tumor but only with a low level of
metastasis formation in the liver (Zigmond et al, 2011). For generation of liver metastasis,
MC38 cells are most commonly injected intrasplenic. MC38 cell are disseminated from
the spleen, travel through the bloodstream and enter the liver through the portal vein,
hence mimicking the natural process of metastasizing. Accordingly, this model leads to
the formation of multifocal metastasis in the liver. The major limitation of this model is
the requirement of a splenectomy after tumor cell injection as otherwise a tumor would
grow in the spleen as well (Dupaul-Chicoine et al, 2015; Catarinella et al, 2016). This is
especially problematic for the investigation of treatment options involving the host
immune system as the spleen is a central organ of the adaptive immune system. To
overcome this, MC38 cells can be alternatively transplanted by direct intrahepatic
injection. This leads to formation of a single experimental CRC-derived metastasis in the
liver (Bustos et al, 2012). Intrahepatic injection, however, is a surgically challenging
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method often leading to tumor development in the peritoneum (Sugase et al, 2020).
Furthermore, the absence of crucial steps of the natural metastasis formation is considered
a major disadvantage as natural selection of metastatic clones and the formation of a
premetastatic niche influence the characteristics of LMS such as angiogenesis and tumor
related immunosuppression (Liu & Cao, 2016). In general, MC38 cells provide a good
tool for preliminary experimental murine models of CRC-LMS. However, there are
certain limitations. MC38 cells are considered microsatellite instable hence are
characterized by a rapid acquisition of mutations (Efremova et al, 2018). This results in
arapid an aggressive tumor growth pattern. As previously mentioned, this is the case only
for a small fraction of human disease. Furthermore, cell line-based tumor models,
including MC38-based liver metastasis, can in many cases only partially recapitulate the

natural structure and complexity of the TME (Saito et al, 2020).

In recent years many studies have described intratumor heterogeneity and the presence
of cancer stem cells which are crucial for tumor evasion mechanisms and drug resistance
(Prasetyanti & Medema, 2017; Fan et al, 2019). Intratumor heterogeneity enables
immune evasion through mechanisms as antigenic variations and loss of antigenicity
(Vinay et al, 2015; Beatty & Gladney, 2015). The concept of cancer stem cells describes
the presence of a small number of cells within the cancer cell population, which contains
a high proliferative potential and ultimately fuel the tumor growth, much alike the
homeostasis and self-renewal of many healthy tissues (Clevers, 2013; Batlle & Clevers,
2017). This concept appears to be especially relevant for epithelial cell-derived tumors
such as primary and metastatic colorectal carcinoma (Ricci-Vitiani et al, 2007). Indeed,
presence and persistence of cancer stem cells in a quiescent state are proposed to play a
major role in the development of treatment resistance and the occurrence of relapse after
successful chemotherapy and radiotherapy. In this context, cancer stem cells have been
found to be enriched in the fraction of chemotherapy and radio therapy resistant cells
(Batlle & Clevers, 2017). To recapitulate these features in preclinical models, the
presence of cancer stem cells is an important feature to increase the quality and potential
to recapitulate the human disease. Both characteristics, the intratumor heterogeneity and
presence of cancer stem cells, are only poorly represented in cell line-derived tumor
models due to converging genetic and epigenetic drifts in long-term culture of cell lines

(Torsvik et al, 2014). Cultivation of cancer organoids has raised a lot of attention in recent
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years to overcome this issue. Indeed, organoid cultivation has been awarded as “Method
of the year” in 2017 by the journal Nature Methods. This culture form allows formation
of matrix embedded 3D-structures, hence permitting intrinsic self-organization, which, in
turn, allows increased levels of heterogeneity and the presence of tumor stem cells (Fan
etal, 2019). Among others, the team of Oshima established CRC organoids from C57BL6
mice harboring five defined mutations: (i) loss of function mutation in Apc (APC#779); (ii)
gain of function on Kras (Kras®*?P); (iii) gain of function in the p53 gene (Trp5372/0H);
(iv) Tgfbr2 knock out (Tgfbr2”); (v) Fbxw7 knock out (Fbxw77). These organoids,
termed AKTPF organoids, contain a strong potential to form multifocal liver metastasis
upon intrasplenic injection in C57BI6 mice. These organoids overcome several of the
previously mentioned obstacles. They are characterized as microsatellite stable and there
is no requirement for splenectomy as these organoids do not form tumors in the spleen
(Sakai et al, 2018). Therefore, the AKTP-organoid based syngeneic mouse model of
CRC-LMS show promising characteristics. However, further investigation of tumor

model must be performed for example with regards to its histopathologic features.

1.4 ldentification and targeting of Hallmarks of cancer biology

Cancer development is subject to a highly complex multistep process during which
many hurdles have to be overcome, such as space restrains, apoptotic signals and
antitumoral immune reactions. Countless different genetic alterations and pathways have
been described in this context. Variability in the mutational burden between different
types of tumors as well as interpatient diversity suffering from the same type of cancer is
enormous. Therefore, identifying a “fit-for-all” concept of tumor development and cancer
biology is challenging. The most famous attempt to categorize the complexity of cancer
biology into major underlying principals was done by Hanahan and Weinberg. They
developed the concept of 14 hallmarks, describing characteristics, which are crucial for
survival and proliferation of cancer cells (Hanahan & Weinberg, 2000, 2011; Hanahan,
2022). This concept is now considered the basis for tumor biology. Namely, these
hallmarks which are demonstrated in figure 2 are: (i) enabling replicative immortality;
(if) tumor promoting inflammation; (iii) polymorphic microbiomes; (iv) activating
invasion & metastasis; (v) inducing or accessing vasculature (angiogenesis); (vi)
senescent cells; (vii) genome instability & mutation; (viii) resisting cell death; (ix)

deregulating cellular energetics; (x) unlocking phenotypic plasticity; (xi) sustained
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proliferative signaling; (xii) evading growth suppressors; (xiii) nonmutational epigenetic

reprogramming; (Xiv) avoiding immune destruction.

Sustaining Evading
proliferative signaling growth suppressors
Unlocking Nonmutational
phenotypic plasticity epigenetic reprogramming
Deregulating ¢ 4 Avoiding immune
cellular destruction
metabolism

Resisting cell Ena_blin_g

death replicative

immortality
inst(;(te)ri:ic:;ng . & Tumor-promoting
mutation # Pa K inflammation
< ~ T ‘
Senescent cells \ /Q 9 Z?ggnb?g?:écs
Inducing or accessing Activating invasion &
vasculature metastasis

Figure 2: Hallmarks of cancer describing the characteristics a tumor has to acquire to sustain tumor growth and
progression (Hanahan, 2022; permission to reproduce from the American Association for Cancer Research under the
license number: 5264790271884).

Acquisition of the hallmarks during cancer development is driven by the appearance
of different mutations of an epigenetic dysregulation in cancer cells. Therefore, genome
instability & mutation and nonmutational epigenetic reprogramming can be considered
as the driving force for gaining the other hallmarks (Hanahan, 2022; Hanahan &
Weinberg, 2011). While the mutations and epigenetic changes leading to these hallmarks
can differ between tumors, the concept is believed to be universal for all tumor types and
separates them from healthy tissue (Hanahan & Weinberg, 2011). In this context, tumor
progression is subject to an evolutionary process. Genome instability leads to the
appearance of random mutations in the genome of single cancer cells, which will
determine their phenotype. If a certain mutation leads to the acquisition or enhancement
of one of the previously mentioned hallmarks, this cancer cell will have an advantage in

terms of survival or proliferation compared to the other cells. Therefore, selective
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pressure will lead to selection of most cancerogenic cells during tumor development in a

Darwinian-like evolution process (Gaillard et al, 2015).

Historically, besides surgical interventions, chemotherapeutic and radiotherapeutic
regiments were the most commonly used approaches for cancer treatments. Both are
based on targeting and eliminating strongly proliferating cells. These treatments,
however, do not allow distinguishing between homeostatic proliferating cells and cancer
cells and lead to several severe side effects caused by normal tissue injury (Huang &
Zhou, 2021).

Identification of these cancer cell-specific hallmarks enabled a new field for potential
cancer treatments called targeted cancer therapy. The principal behind targeted cancer
therapy is based on the interference with the previously described tumor specific
hallmarks. This can be accomplished by selective targeting and functional inhibition of
tumor associated proteins driving one or more hallmark. Small molecules and monoclonal
antibodies are most used in targeted cancer therapy (Seebacher et al, 2019). Both rely on
specific binding and thereby functional inhibition of the target protein (Sawyers, 2004).
Among others, the most targeted protein family is the family of kinase proteins, which
are involved in several signaling cascades. Inhibition of specific kinase proteins such as
endothelial growth factor receptor or B-Raf proto-oncogene serine/threonine kinase
(BRAF) can lead to disruption of the signaling cascade crucial for proliferation, migration
and survival of cancer cells (Bhullar et al, 2018).

A highly targeted tumor characteristic is the hallmark of avoiding immune destruction.
In this context, several strategies have been developed to either enhance the antitumoral
immune reaction or prevent tumor immune evasion mechanisms. These strategies, which

are summarized under the category of immune therapies, will be further discussed.

A total of about 89 small molecule-based and 65 monoclonal antibody-based targeted
cancer therapeutics have reached U.S. Food and Drug Administration (FDA) approval
(Seebacher et al, 2019; Zhong et al, 2021). For certain types of tumors, targeted cancer
therapy has achieved remarkable clinical success. For example, Imatinib, a small
molecule inhibiting the kinase function of the oncogene BCR-ADbI, has shown a complete
response rate over 5 years follow-up in 98 % of patients treated for BCR-Abl positive

chronic myelogenous leukemia (Eck & Manley, 2009; Seebacher et al, 2019). Following

32



these overwhelmingly positive results, high expectations were raised for the usage of
targeted therapy in cancer treatment and has therefor been considered the “magic bullet”
to cure cancer (Keefe & Bateman, 2019). Subsequent observations, however, revealed
only modest clinical benefit for several other targets as with a high interpatient variability.
For example, only 30 % of HER2 high breast cancer patients respond to Trastuzumab
treatment, a monoclonal antibody directed against HER2 (Esteva et al, 2010). In the
context of liver metastasis with CRC origin, mostly epidermal growth factor receptor
(EGFR) inhibitors as Cetuximab and Panitumumab and BRAF directed agents such as
Encorafenib are under preclinical and clinical investigation (Osei-Bordom et al, 2021).
Especially EGFR is a favorable target due to its high expression in CRC-LMS. The main
aim of these studies is to transform initially unresectable LMS into surgically removable
LMS. Response rate, however, is reported to be rather low (de Palma & Hanahan, 2012).
A combination of anti-EGFR agents such as Cetuximab plus the chemotherapeutic
regimen oxaliplatin increased the conversion rate from non-resectable to resectable LMS
to 10 % compared to 4 % in patients only treated with oxaliplatin (Chen et al, 2018).
Taken together, the clinical success in metastatic CRC appears to be limited (Osei-
Bordom et al, 2021).

The reason for many tested targets failing to reach the expected clinical benefit can be
found in the acquisition of resistance. Targeted therapy aims at inhibiting a central player
in a cancer cell. Disrupting this central player should lead to the loss of at least one of the
previously defined hallmarks crucial for tumor progression, hence, abolishing tumor
growth. In turn, if the cancer cells develop a compensatory mechanism to sustain the
targeted hallmark, the targeted therapy will render inefficient (de Palma & Hanahan,
2012). In this context, two categories of resistance have been defined. The first describes
preexisting resistance. As previously discussed, cetuximab shows only limited success
for treatment of metastatic CRC despite EGFR being a central player. Studies have found
that mutations in KRAS can compensate inhibition of EGFR leading to resistance to the
EGFR-targeted therapy in patients with a KRAS mutation (de Roock et al, 2010). The
second mechanism of resistance describes the emergence of resistance following the
treatment. For example, majority of patients with non-small cell lung carcinoma with a
mutated endothelial growth factor receptor tyrosine kinase gene initially respond to

tyrosine kinase inhibitor treatment but display a subsequent relapse due to the appearance
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of secondary mutations in the endothelial growth factor receptor tyrosine kinase gene
(Workman & Clarke, 2011). Hence, usage of targeted therapy creates a selective pressure
towards cancer cell clones harboring mutations that allow to either compensate or revert
the inhibition of the targeted protein. In general, the genetic intertumoral and intratumoral
heterogeneity create a big challenge for targeted therapy, which remains to be overcome.
Despite several combinatory approaches, in most cases, patients respond to targeted

therapy only limited in time and rarely complete.

1.5 Antitumor immunity and immune evasion mechanisms

As previously discussed, genome instability is considered to be the driving force of
tumor progression by enabling the acquisition of the remaining hallmarks (Hanahan &
Weinberg, 2011). This accumulation leads to the occurrence of a high number of mutated
genes and subsequently to the appearance of tumor antigens (TAs). TAs can be classified
as either neoantigens, antigens which do not exist in health cells, or tumor associated
antigens, antigens which are overexpressed in tumor cells compared to healthy tissue.
These TAs can elucidate a cancer cell specific antitumoral immune reaction by the
patient’s immune system leading to tumor rejection. In 1909, Paul Ehrlich suggested a
mechanism in which the host defense prevents tumor development form transformed
neoplastic cells (Ehrlich, 1909). This theory was further developed towards the so called
“cancer immune surveillance hypothesis” by Burnet which describes a process in which
transformed cells constantly appear in the human body. Due to the presence of TAs, cells
of the adaptive immune system are capable of recognizing and eliminating these clones,
hence, preventing subsequent tumor development in the majority of cases (Burnet, 1957,
1964, 1971). In 2011, Schreiber dissected the process of immune surveillance of
neoplastic cells into different steps. The first step describes the elimination of transformed
cells by the immune system upon recognition of TAs. This elimination process can be
complete or incomplete. Mostly, a complete elimination is observed when all transformed
cells are removed and no further tumor development is observed. In more rare events,
however, an incomplete elimination takes place, in which some transformed cells escape
the elimination, persist, and enter the equilibrium phase. In this phase, transformed cells
are described to either enter a type of tumor dormancy state or continue to proliferate but
extensive outgrowth is controlled mainly by the adaptive immune system. The length of

this phase can vary and potentially last up to live long. At this stage, there is a strong
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selective pressure for less immunogenic clones leading to a process called immunoediting
which describes a directed evolution towards clones that can evade immune reactions.
Once tumor cells have acquired the capacity to avoid immune recognition, the escape
phase starts. In this phase tumor growth cannot be controlled by the immune system

anymore and tumor progression is observed (Schreiber et al, 2011; Vinay et al, 2015).

1.5.1 Cancer immunity cycle

Mounting an effective antitumor immune response, which leads to elimination of
cancer cells requires a number of steps to take place, known as the “cancer immunity
cycle” defined by Chen and Mellman (Chen & Mellman, 2013). The first step describes
the release of neoantigens by cancer cells and its uptake by DCs or other APCs. APCs
migrate to lymphoid organs such as lymph nodes, spleen or bone marrow and present the
neoantigens in an either MHCI or MHCII dependent manner. This leads to priming and
activation of antigen specific T cells. These T cells traffic to and infiltrate the tumor. They
encounter cancer cells, which are recognized by their MHCI dependent presentation of
the antigen with the antigen specific TCR. Downstream signaling of the activated TCR
leads to active killing of the cancer cells. The release of neoantigens by killed cancer cells

closes the cancer immunity cycle.

Inhibition of one or more of the previously described steps would lead to immune
escape by the tumor cells. There are several different strategies for tumors to interfere
with the cancer immunity cycle at different steps and evade the immune system. They are
summarized in the hallmark “Avoiding immune destruction” described by Hanahan and
Weinberg in 2011 (Hanahan & Weinberg, 2011).

1.5.2 Antigenic variations

The major determent about the antigen related immunogenicity of cancer cells, called
antigenicity, is the presence of MHCI-presented TAs. TAs arise from accumulation of
mutations in cancer cells. Genome instability, the driving force for the occurrence of

mutations, leads to acquisition of the hallmarks of cancer.

There are several strategies for tumors to reduce TA-related immunogenicity. One is
the loss of antigens. Mutations correlated with increased oncogenicity are called driver
mutations. Genome instability, however, also leads to an accumulation of so-called

bystander mutations. These are mutations that do not enhance oncogenicity but can still
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give raise to immunogenic TAs. Throughout the process of tumor growth, especially
during the equilibrium phase, there is a selective pressure for less immunogenic cells
forced by immune surveillance. Hence, a clone harboring a mutation causing highly
immunogenic antigen would be rapidly removed by TA-specific T cells. This is especially
true for clones in which bystander mutations cause the TA as this particular mutation does
not give the cell any growth advantage. This leads to selection of clones harboring less
immunogenic versions of mutated oncogenic proteins and a low number of immunogenic
bystander mutations (Vinay et al, 2015; Beatty & Gladney, 2015).

A second strategy is the prevention of MHCI-dependent presentation of antigens at the
surface of cancer cells. CD8 T cells are believed to be the key player in the elimination
of cancer cells. In order to trigger target cell killing, CD8 T cells bind with their TA
specific TCR to antigenic peptide presented on MHCI on the surface of target cells.
Hence, downregulation of MHCI expression on the surface of cancer cells prevents
recognition by CD8 T cells. Indeed, about 40 — 90 % of human tumors were reported to
be MHCI deficient (Cornel et al, 2020). NK cells, however, recognize and kill cells that
do not express MHCI on their surface. In response to that, several tumors have been
observed to develop counter mechanisms to prevent NK cell killing for example by
expressing cytokines impairing NK cell function or temporarily regulated expression of
MHCI to prevent NK cell recognition (Jonges et al, 2000; Anfossi et al, 2006).
Alternatively, several tumors have shown to possess defects in the loading process of
peptides onto MHCI. Under normal conditions, proteins are degraded by the proteasome
and resulting peptides of about nine amino acids are loaded onto MHCI and presented on
the surface of cells. The transported associated with antigen processing protein (TAP),
consisting of the subunits TAP1 and TAP2, plays a central role in the process of loading
peptides onto MHCI molecules. Defects or absence of TAP effectively prevents MHCI
dependent presentation of antigens, hence, impairs cancer cell recognition by CD8 T cells
(Cornel et al, 2020; Vinay et al, 2015). Kaklamanis has shown that loss of TAP1 is
observed in 14% of CRC patients (Kaklamanis et al, 1994).

1.5.3 Loss of immunogenicity

Next to avoiding the MHCI dependent presentation of TAs either by reducing the
amount of TAs or by preventing their presentation, tumor cells can develop strategies to
specifically inhibit the function of T cells. For that purpose, mainly immune checkpoints
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are exploited by the malignant cells. Immune checkpoints in the context of T cells
describes a number of inhibitory immunoreceptors expressed on the surface of
T lymphocytes. The most known examples are programmed cell death protein 1 (PD1),
lymphocyte-activation gene 3 (LAG3), T cell immunoglobulin and mucin protein 3
(TIM3) and T lymphocyte-associated protein 4 (CTLA4) (He & Xu, 2020). These
immune checkpoints increase in expression with the level of activation of T cells. Indeed,
high levels of immune checkpoint expression on the surface of T cells is considered to be
a marker of exhaustion, which will be discussed below. Upon engagement of their
ligands, downstream signaling induces disfunction and apoptosis of T cells. Naturally,
these mechanisms play a role in maintenance of immune homeostasis and prevention of
autoimmune reactions. Cancer cells, however, can exploit that mechanism to prevent
killing activity of tumor reactive T and NK cells by upregulation of immune checkpoint
ligand expression on their surface, such as programmed death-ligand 1 (PDL1), the ligand
of PD1 (He & Xu, 2020; Beatty & Gladney, 2015). Furthermore, T cell function can be
directly inhibited by the expression of inhibitory cytokines such as IL-10 and TGF by
cancer cells (Itakura et al, 2011; Thomas & Massagué, 2005).

1.5.4 Suppression of immune response by modulation of the tumor
microenvironment

In close relation to the previously discussed strategy of loss of immunogenicity is the
strategy of avoiding tumor directed immune reactions by controlling and influencing the
immune system through the TME. Two major principles are proposed in this context.
First, the immune system can be locally impaired by for example inhibiting the infiltration
of immune cells into the tumor. A second strategy is based on modulating the tumor
directed immune reaction towards a tolerogenic and protumoral response by controlling
the phenotype of tumor infiltrating immune cells towards a tolerogenic phenotype (Duan
et al, 2020; Tang et al, 2021).

1.5.4.1 Tumor microenvironment

The tumor microenvironment describes the characteristics and cellular composition of
the tumor site. It is composed not only of cancer cells, but also of a variety of other cell
types such as vascular endothelial cell, cancer associated fibroblasts (CAFs), and a variety

of different immune cells. This highly complex structure and interplay between different
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cell types and cytokines creates a unique environment favoring tumor growth and
inhibiting immune reaction (Tang et al, 2021). Interestingly, the TME has early been
described to be functionally analogous to the microenvironment of some immune-
privileged healthy organs as the eye, confirming that tumors leverage host-derived
immune regulatory mechanisms to suppress the antitumoral immune reaction (Medawar,
1948; Joyce & Fearon, 2015).

Oxygen and nutrition supply through vascularization is crucial for tumors to sustain
tumor growth. Therefore, a rapid and continuous reshaping of the vascularization
structure is required leading to disorganized and uneven network of blood vessels.
Together with the high demand of oxygen and nutrients by tumor cells, which mainly rely
on aerobic glycolysis for their energy supply, this creates an environment characterized
by hypoxia and a low pH in the TME (Petrova et al, 2018). These conditions do not favor
antitumoral activity of immune cells as hypoxia negatively impacts the innate and
adaptive immune response. For example, macrophages are polarized towards an
alternatively activated M2-like phenotype, which will be discussed in more detail below.
Furthermore, T cells, which require a high nutrient supply, are forced to compete with
cancer cells for the available oxygen and nutrition. The resulting lack of nutrients lead to
reduced functionality of T cells (Colegio et al, 2014; Chang et al, 2015).

CAFs which can represent up to 80 % of the cells within the TME and are characterized
by their high expression of the Ca?*-binding protein S100A4 are believed to exert a
protumoral effect by the secretion of different cytokines and chemokines (Petrova et al,
2018). For example, expression of CXCL12 and vascular endothelial growth factor
(VEGF) A lead to a direct beneficial effect on tumor growth as well as stimulates
angiogenesis (Orimo et al, 2005; Han et al, 2020). Furthermore, CAFs play a crucial role
in the remodeling of the extracellular matrix, which can serve as storage for TGFf, which
in turn promotes EMT and highly influences the infiltration and the spatial distribution of
immune cells in the TME (Gordon-Weeks & Yuzhalin, 2020; Petrova et al, 2018). In
several tumor types, including CRC, the distribution of immune cells appears to be
heterogeneous (Salmon et al, 2012; Petrova et al, 2018). As the extracellular matrix is
thicker inside the tumor compared to the tumor surrounding area, mobility of immune

cells is reduced inside the tumor. Therefore, infiltration and interaction between immune
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cells and cancer cells is impaired. This leads to an accumulation of immune cells in the
stroma and especially tumor surrounding area compared to the cancer cell nests in several
tumor types, including CRC-derived LMS (Salmon et al, 2012; Berthel et al, 2017).

Studies have shown that certain features such as infiltration of cytotoxic T cells and
the presence of immune suppressive cell types and cytokines can predict patient’s clinical
outcome (Giraldo et al, 2019). Within the TME there are several different bone marrow-
derived immune cells which can be shaped towards a protumoral or tolerogenic
phenotype. In particular, myeloid-derived suppressor cells, tumor-associated
macrophages (TAMs) and T cells with a regulatory phenotype are described to be the
main players for reshaping the TME towards its immunosuppressive state and limiting

the cancer cell-eliminating activity of T cells (Joyce & Fearon, 2015).

In general, a balance between myeloid and lymphoid responses is required for immune
homeostasis. In situations of chronic inflammation as present in the TME, this balance is
lost and shifted towards a deregulated myelopoiesis leading to an accumulation of
dysfunctional myeloid progenitor cells with immunosuppressive functions such as
MDSCs and TAMs while effective lymphoid responses are suppressed. These induces a
local and systemic antigen specific tumor tolerance with a strong tumor enhancing effect
(Strauss et al, 2021).

1.5.4.2 Myeloid-derived suppressor cells

MDSCs describe a heterogeneous population of cells with a remarkable potential to
suppress T cell effector functions (Gabrilovich & Nagaraj, 2009). They consist of bone
marrow-derived myeloid progenitor cells that in healthy conditions further differentiate
towards DCs, macrophages or granulocytes. In certain circumstances, such as cancer,
there is a block in the differentiation process leading to an expansion of this
immunosuppressive cell type. Their immunosuppressive activity is exhorted through the
expression of immunoinhibitory enzymes such as Arginase 1 and iNOS leading to
degradation of arginine and accumulation of nitric oxide and reactive oxygen species, all
of which have an immunosuppressive effect on T cells Furthermore, MDSCs are a major
source for reactive oxygen species (Rodriguez & Ochoa, 2008). Importantly, the presence

of increased numbers of MDSCs in the TME of liver metastasis has been established as
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a negative prognostic factor. Therefore, MDSCs may provide a potential target for liver
cancer treatment (Ma et al, 2021).

1.5.4.3 Tumor-associated macrophages

Macrophages are a central part of the innate immune system and characterized by their
high plasticity and their different functions in homeostatic as well as pathologic
circumstances. They are present in nearly every part of the human body and can appear
as tissue resident macrophages such as KCs or circulating macrophages of bone marrow
origin. Next to their function in tissue homeostasis and elimination of pathogens and toxic
substances, they have also been described to infiltrate the TME in form of TAMs. TAMs
even constitute the dominant fraction of immune infiltrating cells in the TME (Long &
Beatty, 2013).

Macrophages are capable to rapidly respond to distinct external stimuli and adjust their
transcriptional profile and effect accordingly. In this context two major polarization states
have been described, classically activated M1-like polarization and alternatively M2-like
polarization (Squadrito & de Palma, 2016). M1-like macrophages polarization is
triggered by a variety of proinflammatory stimuli such as lipopolysaccharide mimicking
the presence of gram-negative bacteria, and inflammatory cytokine like IFNy (Orecchioni
et al, 2019b). Additionally, interferon alpha (IFNa) has been shown to drive macrophage
polarization towards an M1-like phenotype (Muller et al, 2018). Accordingly, M1-like
macrophages are characterized by enhanced Janus kinase and signal transduced and
activator of transcription (JAK/STAT) signaling which is triggered by type | interferon
such as IFNa and IFNy (Horvath, 2004; Hu et al, 2002). JAK/STAT is a key regulator of
several proinflammatory programs, which subsequently lead to secretion of
proinflammatory cytokines and chemokines like TNFa, 1L-12 and C-X-C motif
chemokine ligand 9 and 10 (CXCL9/CXCL10) which triggers T cell infiltration and
responses (McWhorter et al, 2013; Tokunaga et al, 2018). Furthermore, M1 polarization
leads to upregulation of the costimulatory molecules CD86 on their surface enhancing T
cell functions in a direct manner (Orecchioni et al, 2019b). With these properties,
macrophages can have antitumoral functions especially in the initial state of tumor

development and the inhibition of metastatic lesions by their capacity to eliminate

40



malignant cells by phagocytosis, inhibition of angiogenesis and depletion of fibrosis
(Long & Beatty, 2013).

Due to the anti-inflammatory signals present in the TME, however, most of the TAMs
are polarized towards an alternative activation (M2-like) state. M2-like macrophages are
induced by immunoinhibitory cytokines as IL-4, IL-10, TGFf and prostaglandins, which
are frequently found to be abundant in the TME of several tumors (Hind et al, 2016;
Zhang et al, 2016). Upregulation of the scavenger receptor MRC1 is a common
characteristic for the identification of M2-like macrophages. M2-macrophages have a
direct beneficial effect on tumor cell proliferation by the secretion of several tumor
growth stimulating factors such as EGF (Yin et al, 2016). However, M2-like TAMs
promote tumor growth also in an indirect manner, i.e. expression of VEGF, which
enhances angiogenesis. Furthermore, T cell functions are suppressed by the expression of
Arginase 1 and iNOS in M2-like macrophages, similar to MDSCs, and the recruitment of
regulatory T cells is enhanced by the expression of C_C motif chemokine ligand (CCL)
22 (CCL22) (Curiel et al, 2004). Alternatively activated macrophages further support
tissue and extracellular matrix remodeling by the expression of several different matrix
metalloproteinases, which facilitates EMT and invasion, the first and second steps in the

process of metastasis formation (Pan et al, 2020; Fares et al, 2020).

Dependent on the polarization state, macrophages adjust their metabolism. M1-like
macrophages, much like other proinflammatory cells, mainly depend on glycolysis and
the pentose phosphate pathway, pathways which allow fast energy supply to fuel acute
inflammatory reactions. Instead, alternatively activated macrophages upregulate
oxidative phosphorylation and fatty acid oxidation for their energy supply which are more
efficient but more time consuming and oxygen dependent (Strauss et al, 2021; Soto-
Heredero et al, 2020).

The model of macrophages polarizing either towards an M1-like or M2-like phenotype
is a simplification of the situation in vivo, which arise from in vitro polarization studies.
Indeed, there is a continuum of intermediate phenotypes especially in the TME with such

a complex interplay of pro- and anti-inflammatory signals (Mantovani et al, 2017).
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1544 Tcells

CD8 T cells are considered to be the effector cells of the adaptive immune system
responsible for the elimination of target cells. In order to mount an efficient antitumoral
immune reaction leading to tumor rejection, generation and engagement of tumor specific
CD8 T cells is crucial. TCR-dependent recognition of MHCI dependent antigen
presentation on the surface of target cells, such as cancer cells, triggers their cytotoxic
immune functions. Release of death inducing granules by containing cytotoxic proteins
such as granzymes and perforin induce apoptosis or lead to direct cell killing by the
creation of holes in the membrane of targeted cells, respectively. Furthermore, CD8 T
cells can express Fas ligand (FasL) on their surface inducing apoptosis of target cells by

the engagement of Fas receptor expressed on target cells (Raskov et al, 2021).

In general, tumors are categorized into “hot” and “cold” tumors. While hot tumors are
characterized by a high infiltration of CD8+ T cells, in cold tumors CD8 T cells are rather
spars. Interestingly, the vasculature of cold tumors is characterized by a high expression
of the apoptosis inducing factor FasL, which induces apoptosis in CD8 T cells during the
process of extravasation (Motz et al, 2014). While the CD8 T cell-based immune reaction
in cold tumors is suppressed by the physical inhibition of CD8 T cells to encounter cancer
cells, in hot tumors CD8 T cells function can be inhibited by one or more of the previously
discussed strategies. Loss of antigenicity prevents the generation of tumor specific CD8
T cells in general. Loss of immunogenicity and the immunosuppressive influence of the
TME, however, mostly aims at rendering CD8 T cells towards a dysfunctional state (Gao
et al, 2021). Generally, CD8 T cells can take several different phenotypes during their
maturation process with the so-called effector phenotype being the most efficient
phenotype in executing their cytolytic function. However, there are also several CD8 T
cells phenotypes exhibiting a dysfunctional state preventing cytolytic activity such as
exhaustion. Indeed, the majority of tumor infiltrating CD8 T cells exhibits an exhausted
phenotype (Zhang et al, 2020). Exhaustion describes a dysfunctional state of T cells,
which can be triggered by several different factors such as chronic antigen encounter or
cytokine-based overstimulation. It is characterized by a decreased effector function such
as reduced cytokine production and reduced cytolytic activity. Exhausted T cells express
high levels of immune checkpoint receptors such as PD1, LAG3 and TIM3 and have a
low proliferative capacity (Blank et al, 2019). The phenotype of CD8 T cells can be
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influenced by a variety of factors. Important factors are activation through TCR
stimulation and/or engagement of co-stimulatory receptors such as CD28 or 4-1BB as
well as presence of immune activating and immune inhibitory cytokines (Barber, 2014;
Maimela et al, 2019).

The role of CD4 T cells, however, is more ambiguous. Similar to CD8 T cells, CD4 T
cells can obtain a wide spectrum of phenotypes with activator or inhibitory effects on the
immune reaction. In an effective antitumoral immune reaction, upon activation CD4 T
cells proved help to CD8 cytotoxic T lymphocytes by secreting immune activating
cytokines such as IFNy and TNFa (Tay et al, 2021). There is, however, also a number of
CD4 T cell phenotypes, which actively suppress antigen specific immune reactions. The
most commonly known phenotype in this context are regulatory T cells (Tregs) with their
characteristic expression of the key transcription factor forkhead box p3 (FoxP3)
(Fontenot et al, 2003). Tregs are an important player in the maintenance of immune
tolerance against specific antigens, thus, preventing autoimmune reactions as well as
chronic inflammations (Vignali et al, 2008). Several mechanisms have been described for
the immunosuppressive effect of Tregs. The expression of anti-inflammatory cytokines
by Tregs such as IL-10 and TGFp as well as sequestration of inflammatory cytokines
induces an immunoinhibitory environment (Vignali et al, 2008). Tregs can also function
in a more direct manner by their high expression of CTLA4 on the surface. This immune
checkpoint receptor binds to B7 (CD80/CD86) expressed on the surface of several
myeloid cell types such as macrophages and DCs and thereby inhibits the engagement of
B7 and the costimulatory molecule CD28 on the surface of effector T cells (Vasilevko et
al, 2002). Interestingly, in patients increased amounts of Tregs in the TME is correlated
with a worse prognosis for several different types of cancer including CRC (Saito et al,
2016).

1.5.45 T regulatory type 1 cells

More recently, a second type of CD4 regulatory T cells has been discovered, which is
called T regulatory type 1 (Trl) cells. Trl cells have been first identified in the context of
a SCID patients undergoing hematopoietic stem cell transplant from a human leukocyte
antigen (HLA) mismatched donor. This patient developed immunological tolerance
driven by the presence of highly expanded host antigen specific CD4 T cell clone, which
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successfully prevented graft versus host disease (Roncarolo et al, 1988). Later on, they
have been described in the context of prevention of different immune-related disease such
as allergic disease and autoimmune diseases, hence, confirming their role in the induction
of antigen specific tolerance (Petrich de Marquesini et al, 2010; Xu et al, 2010). Tr1 cells
can be identified by a high surface expression of the immune checkpoint receptors LAG3,
PD1, TIM3 and CTLA4. Furthermore, in contrast to conventional Tregs, Trl cells are
independent of the key transcription factor Foxp3 but depend on a number of other
transcription factors such as Eomesodermin (EOMES), c-Maf, Aryl hydrocarbon
receptors (Ahr) clearly separating the two populations (Quintana et al, 2008; Pot et al,
2009; Imbratta et al, 2020).

IL-10 in combination with antigen specific TCR dependent activation plays a key role
in the development of Tr1 cells. Interestingly, presence of IFNa and TGFp has proven to
further enhance Trl development in vitro (Levings et al, 2001; Roncarolo et al, 2018b).
The mechanism and pathway towards Trl cell development, however, remains unclear.
Several different CD4 T cell populations have been proposed as potential origin such as
Th1 cells, Th2 cells, Th17 cells and memory T cells. Similarly, it is not clear, whether
Trl cells are capable of further developing into other phenotypes or if the Trl phenotype
is a terminal state. Trl cells, however, have proven to be stable and long lasting for more
than seven years. (Roncarolo et al, 2018b; Bacchetta et al, 2014).

While the induction of Trl cells is antigen specific, the immunosuppressive effect is
antigen independent. Interestingly, they function mainly by secretion of the
immunosuppressive cytokine 1L-10 which in turn can trigger expansion of Trl cells
leading to a positive feedback loop. In line with this, the Trl key transcription factors
EOMES, Ahr and c-Maf have been described to drive IL-10 expression. IL-10 modulates
both the innate and adaptive immune response. It mainly functions through the inhibition
of antigen presentation on APCs by downregulating expression of MHCII as well the
costimulatory molecules reducing effector functions of T cells (Trinchieri, 2007).
Furthermore, the group of John Wherry has shown that exhaustion of T cells is reduced
in mouse models upon blockage of the IL-10 signaling (Blackburn & Wherry, 2007).
Furthermore, Trl cells express TGFb, which similarly inhibits antigen presentation

function in APC but also reduced proliferation and cytokine secretion of T cells and
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further induces development of regulatory T cells (Batlle & Massagué, 2019; Levings et
al, 2002). Next to these indirect mechanisms of immunosuppression, also a more direct
effect of TR1 cells has been described. Secretion of perforin, granzyme B (GZMB) and
granzyme K (GZMK) by Tr1 cells leads to selective killing of APCs further abolishing T
cell-based immune reactions (Solé & Santamaria, 2021; Gruarin et al, 2019).

It has been long established that FoxP3 Tregs are the main regulatory T cell phenotype
induction tumor tolerance, while Tr1 cells have been mostly described in the context of
immune related disease. Recently, however, Pagani and collaborators have reported Trl
cells in a variety of solid tumors, including CRC LMS. Interestingly, they describe a
clonal relation between antitumoral effector cells and Trl cells, but not FoxP3 Tregs,
which confirms the antigen specific function of Tr1 cell. Furthermore, a worse prognosis
for patients with increased numbers of Trl cells in the tumor infiltrate was observed
confirming the importance of Tr 1 cells in the context of cancer (Bonnal et al, 2021).

1.5.4.6 Immunosuppressive tumor microenvironment in liver metastasis

The tumor microenvironment is a complex system influenced by its cellular
composition and their phenotypes as well as the presence of different cytokines affecting
the immune environment as well as the parenchymal cells and cancer cells. Therefore,
especially for solid tumors, the TME is highly influenced by the environment of the host
organ, as organ resident cells may infiltrate and host organ-derived cytokines might
reshape the TME. This is particularly evident for primary tumors in the liver such as
hepatocellular carcinoma and liver metastasis like CRC-LMS (Eggert & Greten, 2017;
Zhou et al, 2021).

The liver hosts an immune privileged environment implied by high levels of cytokines
with immunosuppressive functions such as I1L-10, prostaglandins and TGF, all of which
play a crucial role in reshaping the TME towards an immunosuppressive state. Sources
of these cytokines are liver tissue resident immune cells and other cells with immune
function such as KCs and LSECs colonizing the liver at high number. (Knoll et al, 1995;
Knolle et al, 1998; Callery et al, 1991; Roth et al, 1998; Robinson et al, 2016). These
liver sourced immunoinhibitory cytokines exhibit their effect in the TME leading to a
further increased suppression of immune functions (Brodt, 2016). The increased immune

suppression in CRC LMS compared to the primary tumor is especially evident by the fact
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that several treatments directed at enhancing antitumoral immune reactions have proven
to be inefficient in the presence of LMS while being effective against primary
nonmetastatic CRC. Indeed, the authors observed in mouse models that the presence of
liver metastasis leads to a sequestration of TA-reactive CD8 T cells in the liver where
proapoptotic signals drive them towards apoptosis. This leads to a removal of circulating
TA specific CD8 T cells creating a systemic immune desert against the TA. Hence, the
immune suppressive features of the TME of LMS does not only affect the LMS itself but
also impacts and suppresses immune reactions against the primary CRC (Yu et al, 2021).
LMS also leverage the previously discussed unique tolerogenic capacity of the liver to
establish TA specific tolerance mediated by the recruitment of Tregs and TR1s (Lau,
2003; Levings et al, 2002). In this context, recent studies have shown that TAs released
by the tumor are taken up and presented by liver resident APCs triggering a tolerogenic

immune reaction (Lee et al, 2020).

The hepatic environment also leads to a reshaping of the TME towards a state favoring
tumor growth in an immune independent manner. For example, LSECs have been
demonstrated to favor angiogenesis by the secretion of VEGF (Yang & Zhang, 2021).
Another cell type favoring tumor growth in the hepatic environment are hepatic stellate
cells (HSCs). These cells, which are resident in the space of Disse, are activated upon
tissue damage response triggered by tumor growth. Activated HSCs produce high
amounts of extracellular matrix and thereby increase fibrosis in hepatic tumors (Yang et
al, 2011).

1.6 Cancer Immunotherapy, a new promising strategy for cancer treatment

Even though tumors derive from host cells, they are not invisible to the immune
system. As previously described, the accumulation of mutations leads to the appearance
of TAs, which can be recognized by the immune system and lead to the elimination of
cancer cells. This tumor directed immune reaction, however, is actively suppressed by
several different strategies mentioned above summarized in the hallmark of “avoiding
immune destruction”. Following this discovery, new therapeutic strategies have been
developed which aim targeting this hallmark by either impairing the tumor immune

evasion strategies or by actively supporting one or more steps of the cancer immunity
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circle, hence, enabling antitumoral immune responses. These strategies are summarized

as cancer immunotherapies.

Indeed, recent studies have shown that also conventional cancer treatment options as
chemotherapy and radiotherapy function at least in part by enhancing antitumoral
immune reactions. Radiotherapy has been shown to lead to the appearance of TAs, which
increases antigenicity of cancer cells (Lhuillier et al, 2019; Zitvogel et al, 2013). Tumor
cell killing induced by these treatments leads to an enhanced inflammation through the
release of immune activating factors such as HMGB1, which triggers DC activation
(Coffelt & de Visser, 2015). Furthermore, tumor cell death leads to release of TAs, which
can be taken up and presented by professional APCs, the first step of the cancer immunity
circle (Zitvogel et al, 2013). Similarly, several targeted therapy approaches trigger
immune related antitumoral effects additionally to the inhibition of the oncogene.
Marking of cancer cells with an antibody can result in antibody-dependent cellular
toxicity, a mechanism, which induces NK cell dependent target cell killing (Ochoa et al,
2017).

Immunotherapy has revolutionized the field of oncology and is considered a
breakthrough for the treatment of several different types of tumors (Zhang & Zhang,
2020).

1.6.1 Checkpoint inhibitors

Despite the presence of immunogenic TAs being presented at the surface of cancer
cells in an MHCI dependent manner and the presence TA reactive T cells, T cell activity
can be inhibited by the engagement of immune checkpoint receptors. This concept aims
at reducing the risk to develop autoimmune reactions but can be hijacked by the tumor to
prevent antitumoral immune reactions. Engagement of immune checkpoint receptors on
the surface of T cells leads to immune inhibitory signaling and suppresses the immune
functions of T cells (He & Xu, 2020).

Immune checkpoint inhibitors aim at interrupting the interaction of immune
checkpoint receptors and their ligands expressed on either cancer cells or other cells in
the TME. For that purpose, mostly monoclonal antibodies are exploited with a specificity
to either the immune checkpoint receptor on the surface of the T cell, or its ligand.

Binding of checkpoint inhibitor will then sterically prevent interaction of the immune
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checkpoint receptor and the ligand, hence preventing immunoinhibitory signaling of
immune checkpoint receptor in the T cells. This strategy has been shown to effectively

increase effector functions and reduce exhaustion of T cells (Rotte et al, 2018).

Several immune checkpoints have been identified so far. Targeting of PD1 and CTLA4
by checkpoint inhibitors, however, has proven to be most successful so far (Marin-
Acevedo et al, 2021). PD1 can be found on the surface of different lymphocytes as T
cells, B cells, Tregs, natural killer (NK) cells and natural killer T (NKT) cells (Rotte et
al, 2018). PD1 expression on the surface of T cells is tightly bound to their activation
status and level of antigen encounter. While naive T cells express PD1 only at low levels,
immune challenges leading to activation of T cells also trigger upregulation of PD1
expression, especially during chronic immune stimulation (Bally et al, 2016).
Accordingly, especially TA specific tumor infiltrating T cells are characterized by a high
expression of PD1 (Fernandez-Poma et al, 2017). PDL1 and PDL2, the ligands of PD1,
are expressed on a variety of immune cells including macrophages, DCs, and T cells
themselves, but also cells of nonhematopoietic origin such as endothelial cells including
LSECs, fibroblasts (Rotte et al, 2018). As described previously, the expression level of
PDL1 on several cells within the TME is high. Additionally, cancer cells have been
observed to upregulate PDL1 expression to actively suppress T cells functions (He & Xu,
2020). Downstream signaling of PD1 upon ligand binding strongly counteracts TCR
signal transduction and signal transduction of other costimulatory receptors such as
CD28. Concordantly, secretion of immune stimulatory cytokines is reduced, and T cell

survival and proliferation is impaired (Arasanz et al, 2017).

Disruption of the PD1-PDL1 interaction achieved by PD1 or PDL1-targeted immune
checkpoint inhibitors has proven to be a clinically relevant therapeutic strategy for
different type of tumors. Tumor regression and prolonged overall survival in combination
with low side effects in patients with metastatic melanoma have led to FDA market
approval of the first two PD1-tergetted checkpoint inhibitors Pembrolizumab and
Nivolumab in 2014 (Hazarika et al, 2017; Raedler, 2015). Following these promising
results, beneficial effects of PD1/PDL1 targeted immune checkpoint inhibitor treatment
have also been observed for further types of cancer as non-small-cell lung cancer and

neck squamous cell carcinoma (Wu et al, 2019).
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Next to the PD1/PDL1 axis, also CTLA4 is highly targeted by checkpoint inhibitors.
Similarly to PD1, expression of CTLA4 is found to be upregulated upon T cell activation
(Perkins et al, 1996). As previously discussed, T cell activation is triggered by TCR
engagement, but also by the interaction of costimulatory molecules with its ligand such
as CD28 with CD80 and CD86, respectively. CD80 and CD86 are expressed on the
surface of APC in immunostimulatory conditions. Similar to CD28, also CTLA4 can
interact to CD80 and CD86 but with a higher affinity. While CD28 engagement leads to
an activator signaling, CTLA4 triggers immunoinhibitory pathways in T cells. Therefore,
CTLA4 inhibits T cell functions in two ways: by dampening TCR signaling through
blocking the engagement of the costimulatory molecule CD28 and by direct inhibitory
signaling (Walker & Sansom, 2015; Wei et al, 2018). These immunoinhibitory
mechanisms are also leveraged by regulatory T cells such as Tregs and TR1s, which
contain a high expression of CTLA4 (Vasilevko et al, 2002; Roncarolo et al, 2018b).

In 2011, the first CTLA4-directed immune checkpoint inhibitor, Ipilimumab, was
granted FDA marked approval for the treatment of advanced melanoma followed by
applications in the treatment of renal cell carcinoma and non-small-cell lung cancer
(Cameron et al, 2011; Sheng & Ornstein, 2020; Vellanki et al, 2021).

Despite these promising results, a high number of patients are refractory to immune
checkpoint inhibitor treatment. While initial resistance may be explained by the
complexity and variability in the characteristics of human tumors, the mechanism for the
acquisition of resistance remains unclear (Jenkins et al, 2018; Schoenfeld & Hellmann,
2020). Immune checkpoint inhibitors rely on the presence of TA specific T cells, which
are suppressed in their function and rescued by the treatment (Barrueto et al, 2020).
Accordingly, the density of T cells in the TME can be used as a predictive factor for the
efficacy of an immune checkpoint inhibitor-based treatment (Li et al, 2021). In line with
this, the application of immune checkpoint inhibitors has shown some success especially
in patients with mismatch repair deficient microsatellite instable CRC. Mismatch repair
deficient CRC is characterized by a higher T cell infiltration compared to mismatch repair
sufficient CRC due to the accumulation of mutations and TAs, thus, providing attack
points for T cells (Morse et al, 2020). In general, however, the response rate of CRC
patients to immune checkpoint inhibitor treatment have been described as far from
satisfactory (Yu et al, 2020). Accordingly, the effect of immune checkpoint inhibitor
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treatment or CRC with liver metastasis is limited. While patients with a microsatellite
instable disease, with 5 % the minority of the cases, show an objective response rate of
40 % to treatment with pembrolizumab, it drops to 0 % in microsatellite stable CRC LMS
patients (Yu et al, 2020; Gholami et al, 2021). Several attempts were done targeting
different immune checkpoints including combinatory approaches. The results, however,
remain unsatisfactory (Gholami et al, 2021). In general, presence of liver metastasis is a
negative predictive factor for immune checkpoint inhibitor treatment outcome (Chen et
al, 2021a). Reason for that is the strong immune suppressive TME in LMS, which highly
suppress the antitumoral immune reaction not only locally at the site of metastasis but
systemically including the primary tumor (Yu et al, 2021). The immune activating
functions of immune checkpoint inhibitors appear to be not strong enough to overcome
the obstacle of the immune suppressive TME in LMS to allow antitumoral T cell

responses.

1.6.2 Reshaping the cytokine composition in the tumor microenvironment

The antitumoral immunity is highly influenced by the interplay of immunostimulatory
and immunoinhibitory cytokines. As the TME is dominated by the presence of
immunoinhibitory cytokines such as IL10 and TGFp, antitumoral immune reactions are
commonly suppressed, as described above. Reshaping of the cytokine landscape within
the TME, however, may provide a valid strategy to reshape the TME towards an immune
reactive state, hence, enabling antitumoral immune reactions (Chulpanova et al, 2020).
Two main strategies have been developed for that purpose: (i) prevention of signaling of
inhibitory cytokines to prevent immune inhibition; (ii) supplementation with immune
stimulatory cytokines to activate immune functions (Berraondo et al, 2019). Prevention
of signaling of inhibitory cytokines can be achieved by removing the cytokines from the
TME using neutralizing antibodies. For example, TNFo, which under certain
circumstances can promote tumor progression through mediation of activation induced
cell death of effector lymphocytes, can be targeted and removed from the TME with the
antagonistic antibodies infliximab and adalimumab (Palladino et al, 2003; van Horssen
et al, 2006). Similarly, TGFB can be neutralized by monoclonal antibodies such as
Fresolimumab (Morris et al, 2014). Another option is inhibiting the interaction between
the cytokine and its receptor by targeting of the receptor leading steric inhibition of

cytokine binding. In this direction, Cabiralizumab, a monoclonal antibody targeting the
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macrophage colony-stimulating factor 1 receptor is being tested in clinical trials for the
treatment of advanced pancreatic cancer (NCT03336216, https://clinicaltrials.gov/).
Additionally, IL10 receptor targeting antibodies are currently under investigation (Ni et
al, 2020). The strategy of prevention of signaling of inhibitory cytokines, however, is
considered challenging due to the ambivalent effect of many of those inhibitory cytokines
dependent on the current state of the TME (Berraondo et al, 2019). For example, while
IL10 is believed to play a crucial role in maintaining the immune suppressive state in the
TME, recent preclinical and clinical studies have demonstrated that IL10 treatment can
mediate tumor regression and enhanced CD8 T cell infiltration in solid tumors (Ni et al,
2020).

Supplementing of the TME with pro-inflammatory cytokines has proven to be a more
promising approach. Proinflammatory cytokines are involved in every step of the cancer
immunity circle and therefore provide a valuable tool to not only enhance but also trigger
antitumoral immune reactions. Accordingly, cytokine-based cancer treatments are
believed to have the capability of overcoming the resistance mechanisms to immune
checkpoint inhibitor treatments (Berraondo et al, 2019). Several different cytokines have
been tested in clinical trial such as the interleukins IL2, IL10, IL12, IL15 and IL21, the
granulocyte-macrophage colony stimulating factor (GM-CSF) and different type |
interferons including IFNa. Each of those cytokines exhibits its immune stimulatory
function in a different manner. Due to the substantial differences of the TME of different
patients and tumor types, the clinical beneficial effect varies. In this perspective,
cytokines with a more pleiotropic immune activating effect may provide a better tool as
this allows overcoming of different immune evasion strategies by simultaneously
enhancing several steps of the cancer immunity circle. Accordingly, tumors are also less

prone to develop resistance against pleiotropic cytokine-based treatments.

1.6.3 IFNa-based therapies in oncology

IFNa is a pleiotropic cytokine belonging to the family of type | interferons. Type |
interferons are widely known for their crucial role in antiviral immune responses. Indeed,
treatment regiments of patients harboring viral infections with hepatitis B and hepatitis C

or human papilloma virus are based on systemic application of IFNa. (Finter et al, 1991).
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IFNa, however, also plays an emerging role in the antitumoral immune response
(Ferrantini et al, 2007).

Naturally, plasmacytoid DCs are believed to have the highest contribution in secretion
of IFNa in the event of an antiviral response, even if its expression can be triggered in
every white blood cell (Colantonio et al, 2011). Its effect on target cells is triggered
through the engagement of the IFNa receptor (IFNaR). It consists of two subunits,
IFNaR1 and IFNaR2. Both of them contain a ligand binding site with a low and high
binding affinity to INFa, respectively. Ligand binding in any of the subunits triggers
dimerization, which is fundamental for signal transduction (Short, 2015). Upon
dimerization, the intracellular JAK- and tyrosine kinase 2 subunits are activated which in
turn leads to activation of the JAK/STAT pathway triggering the expression of IFNa.-
stimulated genes (ISGs) (Pattyn et al, 1999).

Due to its pleiotropic characteristics, the antitumoral effect of IFNa is composed by
several different mechanisms. In cancer cells, IFNo triggers the expression of
proapoptotic factors such as FasL, different caspases and TNF-related apoptosis-inducing
ligand (Chawla-Sarkar, 2003; Kotredes & Gamero, 2013). Furthermore, IFNa elicit a
strong antiangiogenic effect (Indraccolo, 2010). Migration and proliferation of
endothelial cells is reduced, and the angiogenic effect VEGF is suppressed due to the
expression of antiangiogenic ISG upon IFNa signaling such as CXCL10 (Ciccarese et al,
2020).

The main antitumoral effect of IFNa., however, is its capability to enhance antitumoral
immune reactions. As previously discussed, a main strategy of cancer cells to evade
immune reactions is based on the loss of immunogenicity by suppression of MHCI-
dependent antigen presentation on their surface. IFNo directly counteracts this
mechanism by stimulating antigen presentation in cancer cells, thus, making them more
visible to the immune system (de Charette et al, 2016). Furthermore, IFNa activates
immune cells of the adaptive as well as the innate immune system. In this context, antigen
presentation is not only enhanced in cancer cells but also in the myeloid compartment. In
vitro studies have shown that IFNa in combination with GM-CSF drives differentiation

of myeloid progenitor cells towards DCs, which exhibit the most efficient antigen cross
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presentation and T cell priming capability (Gessani et al, 2014). Furthermore, similarly
to cancer cells, APCs are enhanced in their antigen presentation and cross presentation
functions by direct IFNa-dependent upregulation of genes involved in antigen
presentation such as genes coding for MHCI, MHCII and TAP (Gessani et al, 2014).
Also, upregulation of costimulatory molecules like CD80 and CD86 have been observed
on APCs upon IFNa induction, thus, enhancing T cell functions (Schiavoni et al, 2013).
Cytotoxic functions of T cells and NK cells are further increased by the secretion of IL15
triggered in DCs upon IFNa stimulation (Mattei et al, 2001). The positive effect on the
T cell compartment, however, is not only indirect through the reshaping of the myeloid
compartment but also through a direct effect. Improved effector functions and more
effective target cell killing by CD8 T cells has been observed upon IFNa stimulation
(Dickow et al, 2019). Next to these immune activation effects, also inhibition of
immunosuppressive mechanisms has been observed in the context of IFN . For example,
IFNa triggered a reduction in the amounts and impairment of the inhibitory functions of
MDSCs in the TME (Fan et al, 2021). Moreover, decreased amounts of Tregs were
observed in the TME in a murine model of CRC upon IFNa treatment (Hashimoto et al,
2014).

Taken together, IFNo provides a valid strategy to efficiently reshape the immune
suppressive TME and enable antitumoral immune reactions. Indeed, Katlinski et al. has
observed that downregulation of IFNaR in human CRC plays a key role in the
establishment of the immune-privileged tumor niche. Accordingly, reduced expression of
IFNaR constitutes a negative prognostic factor for patient outcome in CRC (Katlinski et
al, 2017).

Despite the clear immune activator function of IFNa, also immunoinhibitory effects
have been described in the context of IFNa signaling, such as Treg expansion as
discussed above. Furthermore, breast cancer tumors expressing a high amount of IFNs-
responsive genes are more prone to metastasis (Provance & Lewis-Wambi, 2019).
However, this stands in strong contrast with preclinical and clinical observations of IFNa-

based antitumor treatments.
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The beneficial effect of IFNa-based strategies for cancer treatment was first
demonstrated by lon Gresser in 1969 who observed reduced tumor growth in mice
(Gresser & Bourali, 1969). Clinically, IFNa. treatment was first applied for the treatment
mainly of hematologic malignancies and some solid tumors such as melanoma and renal
cancer (Arico et al, 2019). After initial clinical success, the euphoria in the field about
IFNa-based cancer treatments decreased. Reason for that was mainly the observation of
severe side effects in treated patients spanning coupled with an unsatisfactory clinical
response. IFNow was commonly administered systemically leading to an unfavorable
biodistribution. Furthermore, IFNa has a relatively short half-live time (Garcia-Garcia et
al, 2016). Therefore, in order to reach therapeutically significant levels in the TME, high

levels of IFNa had to be given to patients at a short interval.

This triggered a number of acute and chronic side effects, which were observed in a
dose dependent manner (Sleijfer et al, 2005; Arico et al, 2019). In this context, Flu-like
symptoms, including fever, chills and headache have been observed in an acute manner
in nearly all treated patients. Severity, however, correlated with the treatment dose. These
acute severe side effects normally only last for a few hours and can be managed
pharmacologically. In the subacute and chronic phase, however, other more severe
adverse events were reported. Hematological adverse events of grade 3-4 have been
observed in about 26 % - 60 % of patients treated with a high dose. These hematologic
side effects manifested in anemia, thrombopenia and leucopenia, especially in the
neutrophil compartment (Soza et al, 2002). Additionally, in about 60 % of patients treated
with a high dose of IFNa., hepatotoxicity at grade 3-4 was noted. Similar observations
were made for gastrointestinal disorders manifested in nausea, loss of appetite, vomiting
and diarrhea (Sleijfer et al, 2005). Also, psychiatric side effects such as depression was
observed in 21 % - 58 % of patients (Raison et al, 2005). IFNo treatment was further
associated in the context of autoimmune disorders. Occurrence of autoimmune disorders
during IFNa-based immunotherapy approaches have even been considered as reporter
for favorable treatment outcome (Sleijfer et al, 2005). Other side effects like

cardiovascular, pulmonary, and endocrine disorders have been reported as well.

Similarly, to other targeted therapy and immunotherapy approaches, occurrence of

resistance to IFNa treatment has been observed in several cases. This can be triggered by
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downregulation of INFaR expression or dysregulation of the IFNaR signaling pathway in
cancer cells (Zhang et al, 2010). Furthermore, chronic exposure to suboptimal doses of
IFNa can lead to desensitization through ligand-induced receptor degradation also in
immune cells (Hardy et al, 2009). The unfavorable pharmacodynamic availability of
IFNa due to the systemic administration may further manifest this, as has been seen for

other systemically applied drugs (Naldini, 2019).

Lately, new strategies have been developed to improve bioavailability of IFNa in the
TME and reduce side effects (Arico et al, 2019). This includes gene-based delivery
approaches as further discussed below. This approach, which will be discussed in detail
below, has shown to efficiently reduce tumor growth remodel the TME in prophylactic
settings of murine models of CRC-LMS, thus, validating IFNa based treatments as valid
strategy to overcome the immune suppressive TME in LMS and enable immune reactions
(Escobar et al, 2014a, 2014b, 2018; Catarinella et al, 2016). The full potential of IFNa.-

based cancer treatments, however, remains to be realized.

1.7 Gene therapy

In the recent decade, gene therapy has gained a lot of attention as a new and innovative
tool for the intervention of numerous different disease and conditions. It is based on the
transfer of genetic material into target cells allowing replacement or reparation of
defective genes or equipment target cells with new functions. Compared to the historical
approach of conventional pharmacological interventions, which are based on the
sometimes life-long repetitive administration of biological or chemical compounds with
a direct effect, gene therapy provides revolutionary possibilities for the treatment of
several different disease. Most prominent is the ability to permanently cure genetic
disorders, which cause a variety of severe and life-long disease (Naldini, 2015). Recently,
gene therapy has also been extensively exploited for the purpose of reprogramming target
cells and equipping them with new functions. The most prominent example is Chimeric
antigen receptor expressing T cells (CAR T cells) which provide a promising strategy in
cancer treatment and have proven to be highly efficient in leukemic disease. One of the
main advantages of gene therapy is that it allows exploitation of naturally occurring
regulation mechanisms in order to specially and temporally regulate the expression

biological agents.
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Gene therapy is mostly divided into two different approaches. One is based on
engineering of patient cells ex-vivo. For that purpose, cells are collected from the patient,
cultured and engineered ex-vivo and afterwards reinfused into the patient. This approach
has proven to be safe and very effective for engineering of several cell types as T cells or
hematopoietic stem and progenitor cells (HSPCs) in bone marrow transplantation setting.
Ex-vivo gene therapy however has certain restriction: target cells have to be cultivable ex-
vivo and ex-vivo gene therapy is restricted to personalized approaches, hence time and
cost intensive (Naldini, 2011; Elverum & Whitman, 2020). The second strategy relies on
genetic engineering of target cells in vivo. This approach allows circumvention of some
of the disadvantages for ex vivo gene therapy as it allows targeting of virtually every cell
in the human body and in vivo gene therapy enables an off-the-shelf treatment hence is
less time consuming. In vivo gene therapy, however, requires a close spatial and temporal
regulation in order to ensure safe and selective genetic engineering of the target cells and
prevent adverse events (van Haasteren et al, 2018).

1.7.1 Lentiviral vectors allow stable gene transfer in dividing and non-dividing
cells

Several platforms have been developed to efficiently transfer genetic material into
target cells and are commonly divided into viral and non-viral strategies. While non-viral
delivery systems, which are mainly based of the usage of lipid nanoparticles, have proven
to have a low immunogenicity, viral strategies are still more commonly used in clinical
gene therapy approaches. The reason for that is their high gene transfer efficiency as well
as their flexibility (Patil et al, 2019; Bulcha et al, 2021). Viral vector exploit the intrinsic
capability of viruses to deliver genetic material into host cells. The large variety of viruses
with their different characteristics and cell tropisms grants the flexibility of viral vector-
based delivery systems. The choice of viral vector depends direct on the requirement of
the gene transfer. If a transient gene transfer is required, hence the transferred gene is not
required to be present in daughter cells, the most commonly used system is based adeno
associated viral vectors (AAV). This system is capable of delivering DNA into the target
cell, but not integrate it into the host genome which consequently means that it is not
replicated upon cell division (Bulcha et al, 2021). For a stable gene transfer Human
Immunodeficiency 1 (HIV)-based lentiviral vectors are most commonly used (Bulcha et

al, 2021). HIV is an enveloped virus, which belongs to the family of Retroviridae and is
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characterized by a single strand RNA genome. The main advantage of LVs compared to
other Retroviridae-based viral vectors such as retroviral vectors is their capability to
efficiently transduce non-dividing cells. This enables genetic engineering of HSPCs,
hepatocytes, neurons and several other commonly non-dividing cells (Naldini et al,
1996). During the process of infection, the viral genome is reverse-transcribed into
double-stranded DNA and integrated into the host genome. Integration appears to be

random with a bias for benign integration sites confirming its safety (Biffi et al, 2011).

The most important modification to create a viral vector from a virus is the deletion of
its capability to replicate. For LVs the most successful strategy relies on separation of
trans- and cis-acting elements. Trans-acting elements are necessary for the formation of
LVs but are not required for efficient transduction of target cells. This includes viral
structural proteins giving rise to the viral envelope as well as the retro transcriptase which
is co-packaged into the LV. Cis-acting elements describe the parts of the LV genome
which are necessary for efficient genome packaging into the LV and gene transfer into
the target cells (Verma & Weitzman, 2005). Only viral particles that contain the genome
coding for all trans- and cis-acting elements give raise to replication competent viruses.
In order to prevent production of replication competent viruses during the production of
LVs, trans- and cis-acting elements are separated into different plasmids. In third
generation LVs, the trans-acting elements are divided into three separate plasmids,
namely pMDL, pRev and pEnv. The pMDL contains group-specific antigen sequence
(Gag), which encodes for structural proteins, and the DNA polymerase sequence (Pol)
encoding for enzymes as reverse transcriptase and integrase. The pRev encodes for rev
protein, which is required for the nuclear export of the full-length viral RNA. Finally, the
PEnv encodes for the viral envelope protein. The viral envelope protein determines the
tropism of the viral vector as it induces attachment as well as entry to a cell. Most
commonly, LVs are pseudotyped with the envelop of vesicular stomatitis virus
glycoprotein (VSVG) which gives rise to a broad tropism (Hastie et al, 2013). However,
pseudotyping with other viral glycoproteins as well as engineering of the envelop protein
is a valid strategy to generate LVs with a desired tropism (Frank & Buchholz, 2019;
Hastie et al, 2013). The transgene, which is supposed to be delivered by the LV is flanked
by the cis-acting elements on the so-called transfer vector ensuring efficient packaging

into the LV. This strategy of dividing the viral genes into four separate plasmids ensures
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that the chance of generating a replication competent virus is reduced to a minimum, even
considering potential recombination events (Verma & Weitzman, 2005). Packaging
capacity of LVs, is considered to be about 10 kb (Sweeney & Vink, 2021). For LV
production, these plasmids are transfected into producer cells, which will consequently
release LV particles into the culture supernatant. Several steps of purification ensure
generation of high-quality LV stocks and a high concentration of functional viral particles
which is pivotal importance especially for in vivo gene therapy approaches (Soldi et al,
2020).

In general, LVs provide a favorable safety profile for in vivo gene therapy. This is
mostly due to the low level of pre-existing immunity in humans. Pre-existing immunity
against the viral vector of choice is a major problem for the implication of in vivo gene
therapy for many types of viral vectors. Even the presence of low amounts of viral vector
specific neutralizing antibodies can dramatically decrease the gene transfer efficiency due
to rapid clearance of viral vector from the bloodstream mediated by neutralizing
antibodies (Aronson et al, 2019). While levels of preexisting immunity for several viral
vectors tested for in vivo gene therapy is substantial, rendering a high number of patients
not eligible, only about 20 % of HIV infected people develop neutralizing antibodies
which is a total of 0.16 % of the human population (Doria-Rose et al, 2010; Cantore &
Naldini, 2021).

Due to their high safety and efficiency profile, LVs are investigated as potential tools
for the treatment of numerous genetic disorders, leading to several preclinical and clinical
trials ongoing. Currently, there are about 315 LV-based clinical trials ongoing worldwide
targeting different genetic disorders (Bulcha et al, 2021). These trials include B-
thalassemia (Cavazzana-Calvo et al, 2010; Marktel et al, 2019), X-linked severe
combined immunodeficiency (de Ravin et al, 2016) and Wiskott—Aldrich syndrome
(Bosticardo et al, 2014). Recently after intensive preclinical and clinical studies, a new
LV based gene therapy approach for metachromatic leukodystrophy called Libmeldy has
reached marked approval by the European commission, further confirming the successful
journey of LVs (Sessa et al, 2016; Biffi et al, 2013, 2006).
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1.7.2 Regulatory elements in gene therapy

As previously discussed, LVs allow insertion of genetic material into the host cell
DNA leading to expression of the delivered transgene. One of the challenges of gene
therapy is insuring that transgene expression is restricted to target cells in a spatial and
temporal manner. In order to prevent undesired transgene expression in off target cell
types or differentiation status, a tight regulation is required. The first layer of regulation
is based on the restriction of transduction to certain target cells. This is especially
important for in vivo gene therapy strategies and can be achieved by pseudo typing, as
discussed previously (Hastie et al, 2013; Frank & Buchholz, 2019). Advanced
engineering of the viral capsid, however, often leads to decreased transduction efficiency
on target cells as well. A second layer of regulation is achieved by controlling the
transgene expression on a transcriptional and posttranscriptional level. Naturally
occurring regulatory mechanisms can be explored. For the transcriptional control,
enhancer and promotor regulatory elements with a desired expression profile are used
(Poletti & Mavilio, 2021). For posttranslational control, mircoRNA (miRNA) target sites
(miRT) can be incorporated downstream to the transgene to prevent its expression in
certain cell types. miRNAs are small RNAs that prevent expression of messenger RNA
(mMRNA) based on RNA interference. To harness miRNAs as a tool to regulate gene
expression, miRTs can be incorporated in tandem into the LV design. Hence, transgene
expression will be suppressed in cell types expressing the miRNA (Geisler & Fechner,
2016). Examples for successful exploitation of miRT sites for controlling transgene
output in LV-based gene therapy strategies is exploitation of the miRT-122a for
suppression of transgene expression in hepatocytes (Annoni et al, 2009). Furthermore, in
the setting of transplantation of genetically engineered HSPCs, the miRT-126 has been
incorporated to the LV design for the suppression of transgene expression in HSPCs
(Gentner et al, 2010). Indeed, a clinical study for the treatment of glioblastoma
multiforme has been initiated which is based on targeted IFNo expression in in tumor
infiltrating  cells  derived  from  engineered HSPCs  (NCT03866109,
https://clinicaltrials.gov/). The LV design for HSPC engineering also exploits the miRT-
126 to avoid transgene expression in progenitor cells (Escobar et al, 2014b; de Palma et
al, 2008; Escobar et al, 2018; Catarinella et al, 2016; Escobar et al, 2014a).
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1.8 Gene therapy approaches in oncology

Gene therapy has been largely exploited for gene repair and gene replacements
strategies. Recently, however, gene therapy has also gained increasing attention in the
field of oncology with remarkable clinical success for some tumor types. Different
strategies for cancer gene therapy have been developed which can either aim at a direct
effect on the cancer cells or on a remodeling of the microenvironment to enable immune
reactions. Direct targeting of cancer cells often relies on delivering and expressing suicide
genes in cancer cells such as TNF-related apoptosis-inducing ligand (Jeong & Yoo, 2020;
Jia et al, 2012). Another approach is based on reduction of tumorgenicity by either
expression of a tumor suppressor gene or suppression of an oncogene by siRNA or
microRNA. A third strategy describes the overexpression of highly immunogenic
antigens in cancer cells in order to increase immunogenicity of tumor cells and hence
increase the antitumoral immune response (Das et al, 2015). Direct targeting of cancer
cells is achieved by using oncolytic viruses. They are replication competent viral particles
that have a strong and selective tropism for cancer cells. Several different strategies exist
to restrict their infection and replication to cancer cells. Despite a high number of clinical
trials being performed, clinical success of these strategies, however, is limited so far,
mainly due to safety concerns (Lawler et al, 2017; Santos Apolonio et al, 2021).

The second strategy consists of combining targeted cancer immunotherapy with gene
therapy. Here, gene therapy is exploited to modulate the immune system to enable
antitumoral immunity. This approach allows direct armoring of the immune system in
order to induce or strengthen an antitumor immune reaction. Chimeric antigen receptor
(CAR) T cells represent the most famous and clinically most advanced product in this
context and will be discussed in further detail below. However, also engineering of other
cells such as macrophages and natural killer cells (NK cells) are being investigated (Chen
et al, 2021b; Xie et al, 2020a). Boosting of the antitumor immune reaction can also be
achieved by expression of immune modulatory molecules at the site of the tumor, such as
immune activating cytokines or checkpoint inhibitors to circumvent immune evasion

mechanisms.
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1.8.1 CART cell therapy

Introduction and development of CAR T cells are considered a major breakthrough for
cancer therapy. CAR T cells are characterized by the expression of a chimeric antigen
receptor which is an artificial transmembrane protein comprised by an extracellular
binding domain, a transmembrane domain and an intracellular signaling domain. The
mechanism of action of a CAR is the similar to an endogenous T cell receptor (TCR).
Target cells as cancer cells are recognized by the extracellular domain. Upon target
binding by the extracellular domain, an intracellular signaling cascade is activated leading

to activated effector function of the T cell.

For the extracellular binding domain, commonly tumor antigen specific single-chain
variable fragments (scFv) are used and determine the specificity of the CAR to tumor
cells. The main advantage of scFv usage as extracellular domain compared to
conventional TCRs is the independence of MHC presentations. While for recognition of
tumor antigens by TCRs, presentation by MHCI or MHCII is required, the scFv of a CAR
can bind any protein expressed on the surface of a target cell. On the other hand, the CAR-
based approach is restrictive to surface proteins (Zhao et al, 2021; Hartmann et al, 2017;
June et al, 2018). The intracellular signaling domain is derived from CD3(, the
intracellular signaling domain of a TCR. Over the years, the intracellular signaling
domain has been further developed and equipped with costimulatory molecules such as
CD28 or 4-1BB to increase effectiveness of CAR T cells in terms of proliferation,
cytokine release, resistance to paracrine and endocrine inhibitory signaling and decreased

exhaustion profile (June et al, 2018).

CAR T cells are normally applied in an autologous T cell transfer setting. T cells are
collected from patient derived peripheral blood, genetically engineered and infused back
into the patient. For genetic engineering viral vectors allowing stable integration of the
CAR-encoding sequence into the T cell genome, such as LVs, are used (Levine et al,
2017). In order to improve time and cost effectiveness, several attempts have been made
to allow selective LV-based genetic engineering of T cells in vivo. Despite initial success,
further development of these technologies are required to improve the safety and
efficiency profile(Frank et al, 2020; Pfeiffer et al, 2018; Zhou et al, 2015).
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Especially for CD19 positive B cell lymphoma, CAR T cells have led to an
overwhelming clinical success. Treatment of patients with CAR T cells directed against
the B cell surface marker CD19 induced effective and long-lasting clinical responses.
About 51 % of patients showed a complete response duration of at least 3 years(Cappell
et al, 2020). This success has ultimately led to marked approval by the FDA in 2017
(Anagnostou et al, 2020). As CD19 is expressed by the majority of circulating B cells,
treatment with a CD19 directed CAR T cell product induced live-long depleting of B cells
in patients which can be considered a tolerable adverse event. However, it underlines the

importance of the choice of the target antigen (Cappell et al, 2020).

Despite the success observed in hematologic malignancy, there are many challenges
remaining for CAR T cells. The biggest challenge is the ineffectiveness of CAR T cells
in solid tumors. Regardless of many attempts to improve their efficiency, clinical success
for solid tumors remains poor. The major challenge is the low infiltration of CAR T cells
into solid tumors as well as the strong immunoinhibitory signaling in the TME leading to
an exhausted phenotype of CAR T cells (Marofi et al, 2021). This applies as well for the
treatment of liver metastasis. Burga et al have shown that intrahepatic administration of
CAR T cells increases the amount of CAR T cells present in the LMS, efficiency,
however, remains low (Burga et al, 2015). The previously discussed immune suppressive
environment provides an additional barrier. Engagement of systemically administered
cytokines such as IL-12 have shown an increase efficacy of CAR T cells in some solid
tumors by reprogramming the TME (Chi et al, 2019). Therefore, development of new and
innovative strategies to reprogram the TME towards an immune activating milieu might

provide a valid strategy to enable CAR T cell therapy for solid tumors.

1.8.2 Tie2.IFNa-based gene therapy

An interesting example for application of gene therapy to modify the tumor
microenvironment has been developed over the recent years by the group of Naldini. It is
based on the usage of tumor infiltrating macrophages and TAMs to be used as vehicles
for delivering of the immune activating cytokine IFNa to the tumor. In 2003 De Palma
et al discovered a population of monocytes which is characterized by the expression of
Tie2 (Tie2-expressing monocytes/TEMS). Interestingly, TEMs were exclusively found in
the TME but not in other tissues and Tie2 expression in hematopoietic cells was mainly
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restricted to TEMs hence allowing exploitation of TEMs as vehicles to the tumor. For
that purpose, HSPCs are transduced ex vivo with a LV delivering a cDNA coding for
IFNa under the control of the Tie2-promotor and enhancer regulatory element and the
mirT. Mice transplanted with these engineered HSPCs showed a selective release of IFNa.
in the TME of different tumor types (de Palma et al, 2003). This strategy has been further
developed by integration of the miRT-126 and mirT-130a to further restrict transgene
expression to TEMs and has been shown to effectively reduce tumor growth in several
different murine tumor models, including an experimental model of CRC derived liver
metastasis. Reduced tumor growth was combined with an efficient reprogramming of the
TME. Among others, the authors observed a polarization of the macrophage compartment
towards a proinflammatory M1-like phenotype as well as a reduced exhaustion profile in
the T cell compartment. This was manifested by reduced expression of the exhaustion
markers PD1, Lag3, Tim3 and others (de Palma et al, 2008; Escobar et al, 2014a, 2014b;
Catarinella et al, 2016). Interestingly, this strategy has been shown to synergize with the
tumor specific CAR T cell and TCR-engineered T cells hence overcoming the immune
inhibitory signaling of the TME in a murine model of leukemia. Thus, this provides
further evidence that delivery of immune activating cytokines to the TME is a valid
strategy for efficient reprogramming of the TME towards an immune activating state,
which allows effective antitumor immune reactions (Escobar et al, 2018). Based on these
promising results, an open label phase I/lla clinical trial has been initiated by for the
treatment of glioblastoma multiforme patients (NCT03866109, https://clinicaltrials.gov/).

1.9 Liver directed in vivo gene therapy

Due to its central role in metabolism, a high number of inherited metabolic disorders
has its origin in the liver. Therefore, the liver has been intensively investigated as a target
for gene therapy. One of many promising examples for that is the gene therapy-based
treatment of patients with ornithine transcarbamylase deficiency, a rare genetic disorder
with an estimated frequency of about 1 in 50.000 to 80.000. DTX301, an AAV8-based
gene therapy product conveying an ornithine transcarbamylase encoding cDNA to
hepatocytes which has shown promising results in phase I/11 clinical trials (Wang et al,
2012, NCT02991144, NCT03636438, NCT04717453, https://clinicaltrials.gov/). The
liver is not only a valid target for gene replacement strategies for the treatment of genetic
disorders with hepatic origins. With their high abundance and efficiency in producing and
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secreting proteins, hepatocytes can be used as factories for protein replacement strategies
in plasma protein deficiencies or protein deficiencies in distant organs (Naldini, 2015). In
this context, liver directed gene therapy is also intensely investigated as replacement
strategy for hemophilic disease with several ongoing clinical trials (Perrin et al, 2019;
Leebeek & Miesbach, 2021). Interestingly, AAV8 mediated expression of glycine N-
methyltransferase in the liver has shown to delay progression of hepatocellular
carcinoma, confirming the applicability of liver directed gene therapy for hepatic cancer
treatment (Fang et al, 2018).

1.9.1 Lentiviral vector-based liver targeting

The vast majority of liver-directed gene therapy strategies are based on AAV derived
viral vectors (Cantore & Naldini, 2021; Naldini, 2015). Transgene expression is however
lost during liver growth, regeneration or homeostatic turnover of liver cell populations.
Additionally, preexisting immunity is a challenge, as previously discussed. To overcome
these obstacles, lentiviral vector-based liver gene therapy has been suggested. Stable
integration of the transgene would no longer exclude treatment of pediatric patients, in
which hepatocytes still undergo a high number of replication cycles (Cantore & Naldini,
2021). To that end, biodistribution studies in mice and non-human primates have shown
a strong transduction bias towards the liver and, in part, the spleen upon systemic
administration of VSVG-pseudo typed lentiviral vectors (Peng et al, 2001; Milani et al,
2019). Liver targeting is mostly provided by the high expression of the low-density
lipoprotein receptor in hepatocytes, which serves as entry receptor of VSVG pseudo typed
LVs, as well as active phagocytosis of LVs in the sinusoids by KCs and LSECs (Tao et
al, 2001; Cantore & Naldini, 2021). Accordingly, more detailed analysis of the liver
revealed a high transduction rate of KCs, plasmacytoid DCs and, to lower extend, LSECs
and hepatocytes. In the same study, the authors revealed a strong involvement of the
phagocytosis-shielding protein CD47 in the process. When CD47 is present to high
amounts on the surface of LVs, transduction rate of hepatic macrophages was found to
be reduced whereas absence of CD47 increased uptake of LVs by KCs in the liver (Milani
etal, 2019). Importantly, integration events in the liver were found to be safe and no signs
of genotoxicity or enhanced hepatic tumor formation in tumor-prone mice models were
observed (Cantore et al, 2015). Clinical relevance of LV mediated liver directed gene

transfer is provided by successful treatment of hemophilic mice with a systemic injection
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of factor IX-conveying VSVG-LV which led to long-term curation reflected by
persistence of viral particles in the liver, increased levels of factor XI in the plasma and
reduced bleeding events (Cantore et al, 2015). Due to their safety and biodistribution
profile, LVs represent a valid tool for liver-directed in vivo gene therapy with promising

prospects for clinical translation.
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2 Aim of this work

Despite recent advances in cancer treatment based on immunotherapy approaches,
complete and durable responses are observed only in a small fraction of patients (Sambi
et al, 2019). The main reasons for the underperformance of immunotherapies especially
in solid tumors are the strongly immunosuppressive tumor microenvironment and the
intratumor heterogeneity which in combination allow development of treatment
resistance mechanisms. This is especially true for liver metastasis due to the intrinsically
Immunosuppressive hepatic environment (Yu et al, 2021). Indeed, up to now there is no
promising and effective treatment for unresectable liver metastasis (Gholami et al, 2021,
Brouwer et al, 2018). Therefore, overcoming the immunosuppressive microenvironment
to enable antitumoral immune reactions may be key for opening the field of
immunotherapies to the treatment of LMS and ultimately develop effective therapeutic
strategies.

Several studies have shown that immunostimulatory cytokines such as IFNa contain
the potential to reprogram the TME and foster antitumoral immune responses in several
tumor types including CRC LMS (Catarinella et al, 2016; Ferrantini et al, 2007).
However, applicability of such cytokines in clinical settings is strongly reduced due to
the occurrence of severe adverse events upon systemic administration (Sleijfer et al,
2005). However, tumor-specific delivery may overcome this obstacle enabling high local
concentration of immunostimulatory cytokines while sparring side effects. A valid
strategy consists of controlled local release of cytokines using tumor infiltrating cells as

a trojan horse (Escobar et al, 2018).

Here, we aim to develop a LV-based platform that allows selective genetic engineering
of Kupffer cells in vivo. By further exploiting the distinct transcriptional phenotype of
tumor-associated macrophages, this allows the usage of KCs as vehicles to selectively
deliver IFNa to the TME of LMS. Furthermore, we aim to investigate the safety and
efficiency of such approaches in preclinical models. For a better understanding of what
may drive resistance mechanisms in this approach as well as immunotherapies triggering
stimulation of IFNa-responsive genes, we further intend to study the mechanism

underlying the therapeutic effect as well as the resistance. For that purpose, we are
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planning to intensively characterize the reprogramming of the TME triggered by the

tumor specific IFNa delivery.
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3 Results

The liver hosts an immune suppressive environment favoring metastatic seeding and
proliferation of cancer cells. Pharmacological treatments, including immunotherapies,
fail in the presence of liver metastases (LMS). Here we target the unmet need of
developing a potent immunotherapy, which is capable of overcoming the strongly
immunosuppressive liver environment and enable immune responses against liver
metastasis. The strategy relies on gene-based delivery of immune activating cytokines to

LMS exploiting Kupffer cells as vehicles.

3.1 Development of a KC specific in vivo gene delivery platform

First, we aimed on the development of a lentiviral vector-based platform that enables
selective engineering of Kupffer cells in vivo. Previous reports, including from our own
group, have shown that KCs are highly transduced upon systemic delivery of VSVG-
pseudo typed LVs. Building on these premises we set out to restrict transgene output to
KCs by inserting regulatory elements to the LV design such as cell-type specific
promotors and microRNA target sites.

3.1.1 Engagement and characterization of the MRC1 promotor

MRC1 is a type 1 transmembrane protein which is expressed in macrophages,
including tissue resident macrophages as Kupffer cells. Importantly, it is upregulated in
alternatively activated M2-like macrophages, hence it is preferentially expressed in
tumor-associated macrophages (TAMSs) (Squadrito et al, 2012). In order to restrict
transgene expression of the KC-LV to Kupffer cells with preferential expression at the
tumor site, we are aiming at leveraging the spatiotemporal transcription profile of Mrcl

gene by controlling transgene expression with an Mrcl promotor.

In order to generate a murine Mrcl promotor a region of 1.8 kb length upstream to the
Mrcl open reading frame was identified using the USCS murine gene browser. It contains
a 284 bp sequence with promotor like signatures and shows high conservation compared
to the same locus in human as well as other vertebrates. This sequence was incorporated
in an LV-transfer vector upstream to a green fluorescent protein (GFP) coding sequence
originating the Mrc1.GFP LV. We then transduced bone marrow-derived macrophages
(BMDMs) obtained from C57BL6 mice with either the Mrc1.GFP LV or an LV driving

GFP expression under the control of the constitutively expressed human PGK promoter
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(PGK.GFP LV). Upon stimulation of transduced BMDMs with either LPS in combination
with IFNy (M1 polarization) or IL4 (M2 polarization)

LPS/IFNg

=] GFP+
7.5%

PGK.GFP LV

PDL1 expression

0015 =

0.010 =

0.005 =

SamplelD

%)

==

LPS/iFg

Urtreated

FMO POL

MFI PDL1

80000+

60000

40000+

20000+

0

MRC1 expression

0,020 5

0,015

0,010 =

0.005 =

SamplelD

=

B[ LPSAFNg

Urtreated

FIVI0 MRC 1

MFI MRC1

10000+

8000+

6000

40004

2000+

0

b GFP expression
100+
S e LPS/IFNg
g 807 & o IL4
g oes
£ 601 v
<]
8 404
=
+
o 204 ooo
O
0 1 1
PGK.GFP Mrc1.GFP
e .
Transduction level
50+ . e LPS/IFNg
LPS/IFN
. - o w0l o @ {_,_. o IL4
a N o] & _1_
pa °
%? g 20+ ¢
104
- - o
PGKGFP  Mrcl GFP PGKGFP  Mrc1 GFP
Figure 3: Characterization of the
Mrcl promotor. Murine bone marrow
derived macrophages (BMDMs) have
been transduced with LVs conveying
GFP under the expression control of
either the Mrcl promotor (Mrcl.GFP
H 3 ° IPS™Ne ) or the constitutive PGK promotor
o L4 T .
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PGK.GFP Mre1.GFP

polarization (a) representative FACS
plots for GFP expression in Mrc1.GFP
LV (top) or PGK.GFP LV (bottom)
transduced BMDMs polarized with 1L4
(left) or LPS plus IFNy (right).

(b) Quantification of GFP expression in the flow cytometry analysis. (c-d) PDL1 and MRC1 expression on polarized
and untreated BMDMs, respectively. Left, representative histogram and right quantification of the mean fluorescence
intensity (MFI). (e) Transduction level (VCN) in the different conditions (n = 3 biological replicates).

we found that the Mrcl.GFP LV drove transgene expression in M2, but not in M1

BMDMs (Figure 3a and b), whereas the PGK.GFP LV drove transgene expression

independently of BMDM polarization status. Efficient polarization has been confirmed

by increased PDL1 expression in both M1 and M2 polarized macrophages compared to

unstimulated macrophages. Furthermore, M2 polarized macrophages showed increased
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expression of MRC1, a typical marker of alternatively activated macrophages (Figure 3c
and d). By determination of the vector copy number (VCN), we confirmed that all cells
have been transduced to a high extend with an average 40 to 60 vector copies per cell in

all conditions (Figure 3d).

Taken together, these data confirm functionality of the Mrc1 promotor in macrophages

as well as its capability to restrict transgene expression to alternatively activated M2-like

macrophages.
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Figure 4: In vivo biodistribution analysis of the MRC1 LV. NUDE mice were injected with either 3*10"8 TU
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GFP expression in different blood cell populations by flow cytometry analysis (n=5 biological replicates). (¢) GFP

expression in different blood cell populations in liver, spleen bone marrow and lung by flow cytometry analysis (n=5
biological replicates; Statistics: 2way Anova with Sidak correction).

3.1.2 Invivo bio distribution analysis of the MRC1 LV

After confirmation of the capability of the Mrcl promotor to drive transgene
expression in M2-polarized macrophages, we delivered the Mrc1.GFP LV systemically
to mice in order to determine the in vivo biodistribution and transgene expression of this
construct. For that purpose, we employed immune suppressed NUDE mice, which cannot
generate mature T lymphocytes due to a deletion in the FOXN1 gene, hence avoiding

potential GFP-directed immune reactions. Mice were treated with an intravenous
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injection of 3*10® transducing units (TU) per mouse of the Mrc1.GFP LV in PBS, while
control mice were injected with only PBS (Figure 4a). As previously shown, the liver is
highly transduced upon systemic LV delivery. To determine which cellular compartments
in the liver were transduced, we isolated by flow cytometry-based sorting Kupffer cells,
hepatocytes, LSECs and DCs and determined the VCN in each compartment individually.
In KCs we found a high transduction rate with about ten copies per cells, whereas LSECs,
DCs and hepatocytes were transduced only to a low extend at this dose (VCN of 0.2, 0.35
and 0.09 respectively, Figure 2b). Regarding other biological compartments, we only
observed vector copies in the spleen, but not in blood, bone marrow or lungs (Figure 4c).
To address transgene expression more in detail, we analyzed GFP expression in distinct
biological compartments by using flow cytometry. In the liver, we found high transgene
expression in about 70 % of Kupffer cells whereas no transgene output was observed in
monocytes, DCs, B cells and other parenchymal cells. Only in LSECs GFP expression
was observed in about 5 % of cells. In the spleen, which was identified as the only other
organ actively transduced upon systemic LV injection, we observed transgene expression
only in about 13 % of MRC1-expressing macrophages, while all other cell types were
GFP negative. In line with the observation of VCN in different organs, we did not observe

transgene expression in any cell type in the blood, bone marrow and lung (Figure 4d and
e).

Taken together, controlling transgene expression with the Mrcl promotor allows to
restrict transgene expression to KCs, LSECs and splenic macrophages.

3.1.3 Integration of miRT sites fine-tunes transgene expression to Kupffer cells
To increase the specificity of the Mrcl-driven LV in macrophages, we incorporated
miRNA target sequences (miRTSs) in the LV design that suppress transgene expression in
off target cell types. Besides KCs, the target cell type of our LV platform, transgene
expression was observed in LSECs as well as in MRC1-expressing splenic macrophages
as previously described. As previously shown by our group, hepatocytes can be
transduced efficiently upon systemic delivery of LVs in non-human primates (Milani et
al, 2019). Therefore, we also identified hepatocytes as a potential off target cell type due
to its high abundance in the liver. We assess the ability of the miRTs to abate transgene
expression in the target cells by employing a bidirectional LV, which drives the
expression of two independent transcripts, i.e., a truncated low affinity nerve growth
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factor receptor (ALNGFR, an inert membrane protein used as normalizer), and the GFP.
Downstream to the GFP sequence in the bidirectional LV, we incorporated four copies of
microRNA target sequences for miR-126-3p (miRT126 LV), expressed by LSECs (L.i et
al, 2022), miR-122-5p (miRT122 LV), expressed by hepatocytes (Annoni et al, 2009) or
miR-451 (miRT451 LV), expressed by splenic macrophages (Rose et al, 2021) (Figure
5a).

The miRT LVs were delivered systemically to immune deficient mice (NUDE mice)
at a dose of 3*10% TU per mouse and six days after treatment GFP expression was
evaluated by flow cytometry for KCs, LSECs and splenic macrophages, and by immune
fluorescence for hepatocytes. VCN of around 0.2 in the liver of individuals of all
treatment confirmed efficient transduction of the liver. Furthermore, similar expression
level of LNGFR in different cell types in the animals from all treatment groups confirmed
that incorporation of miRTs did not alter the bio distribution by itself (Figure 5b-d). As
depicted in Figure 5e, incorporation of the miRT-126 was able to efficiently suppress
GFP expression about 17-fold in LSECs while controlling transgene expression by miRT-
122 and miRT-451 did not induce any changes in transgene output in LSECS. In a similar
way, miRT-122 significantly suppressed the expression of GFP in hepatocytes,
represented by the amount of GFP expressing hepatocyte per frame in an
immunofluorescence analysis (Figure 5f and g). Incorporation of miRT-451 did not have
any effect on GFP expression in splenic macrophages or any other cell type analyzed in
this setting. Of note, transgene expression in KCs was preserved independent of

incorporation of MiRTSs.

These results indicate that addition of the miRT-122 and miRT-126 to the LV design
efficiently de-target transgene expression from LSECs and hepatocytes. Building on this
result, we incorporated four copies of the miRT122 and four copies of the miRT126
sequences to the Mrcl.GFP LV design downstream to the woodchuck hepatitis virus

posttranscriptional regulatory element (WPRE) originating the Mrc1.GFP.miRT LV.

72



a
I-—uw—-

|
i el memv/heek [ WPRE ||||I I

4x miRT
b Transduction Liver c Transduced cells
0.8 © 40+ )
_ = 304 L e NomiRT LV
[0) Y = o
8 el By, g "iéf o mIRT122 LV
g & 10 -3éo $.7 o MIRT126 LV
g ° o ‘('B le . * miRT451 LV
a 0.4 ° ° Z 1.0 1
8 * o U’ Untransduced
5 -
polesTe P
2 . o0 4
> e® o ® & *s &
0.0 T T T T T © 00 T T T
22 Qs S i &
. <V (9’\/ (13)\/ ‘o\\/ bo& + \9’(/ eQ\Q/ &9
SEPAP LI <
SELESE R
N) &
d LNGFR expression in transduced cells e Effect of miRT sites
600+ o 6000
. . e NomiRTLV 4000 3 Y e NomiRTLV
° % e miRT122 LV 2000 p=0.0002 e miRT122 LV
4004 o o g’ ° z ?‘ e mRTI26LV o 1000 e miRT126 LV
[O] & [ ‘ [ ‘
z g 1 p ° ° ® miRT451 LV o & ® miRT451 LV
S+ S : | 338 .
< 200 = 500 * &
= o9 o L4 . .
0 T T T 0 T I! T
(el feid NS & o ©
\?‘o G)Q\e %&e = \/éo %Q\e P c§"’
N N
K &
* *
<& &

f No miRT LV g GFP expression

hepatocytes
6  P=0.0002

P+ hepatocytes per frame

GFP F4/80 Hoechst

Figure 5: Screening of miRT sites. (a) vector design used for the assessment of miRT activity in different
populations. NUDE mice were injected with a dosis of 3*108 TU diluted in PBS of the LV containing the indicated
miRT sequences. Endpoint analysis was performed seven days after LV injection. (b) VCN analysis of the Ivier tissue.
(c) Frequency of transduced cells (GFP+ and LNGFR+ cells) within KCs, LSECs and spleenic macrophages addressed
by flow cytometry analsis. (d) Flow cytometric assessment of MFI of LNGFR expression on transduced cells within the
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representative immunofluorescence images of the liver of mice treated with the LV not containing any miRT site (top)
and the miRT122 LV (bottom) stained for GFP (green), F4/80 (red) and Hoechst (blue). The image on the right shows
a merge of all channels while the left shows a zoom into of the indicated zone (red line) with the overly of GFP and
Hoechst (upper) and F4/80 and Hoechst (lower). (g) quantification of the amount of transgene positive hepatocytes
per frame. Each dot represents the avergae of 5-6 images per mouse aquired at a 10X magnification (n=8 biological
replicates; Statistics: nonparametric T test (Mann-Whitney test)).

3.1.4 Transgene expression is enhanced in close proximity to liver metastasis
Next, we investigated transgene product expression driven by the Mrc1.GFP.miRT LV

in the presence of experimental liver metastasis.

To this aim, we employed a MC38-based mouse tumor model. MC38 cells are a
murine colorectal carcinoma cell line with a background in the C57BL6 mouse strain. We
engineered this cell line to express a membrane-bound version of the fluorescent protein
mCherry in order to facilitate identification of tumor cells by immunofluorescence. For
that purpose, we transduced MC38 cells with a lentiviral vector conveying a sequence for
mCherry fused to the N terminus of the transmembrane protein CD81 under the control

of the constitutively expressed human PGK promotor.

NUDE mice were injected with 3*10% TU/mouse of either the Mrc1.GFP LV or the
Mrcl.GFP.miRT LV in order to allow a direct analysis of the influence of the
incorporation of the miRT sites. Ten days after LV injection, we transplanted 500.000
MC38-mCherry cells per mouse by intrahepatic injection in a surgical procedure, which
lead to efficient development of LMS in all animals. Two weeks after tumor transplant,

we performed an endpoint analysis.

We found integrated vector copies only in the liver (VCN of ~0.3) and the spleen
(VCN of ~0.1) in both treatment groups. Inguinal lymph nodes, small intestine and brain
remained untransduced (Figure 6a). To exclude even rare events of tissue resident
macrophages with phagocytic activity in these tissues, we performed
immunofluorescence analysis. No GFP positive events have been observed in treated

animals in any of these tissues (data not shown).

Highest level of GFP expression for the Mrc1.GFP LV as well as the Mrc1.GFP.miRT
LV was observed in KCs. Importantly, transgene produce expression was abated in
LSECs upon incorporation of the miRT (5 % for Mrcl.GFP LV and 0.5 % for
Mrcl.GFP.miRT LV treated animals) confirming the functionality of the miRT-126
(Figure 6b). In all other cell types, namely B cells, cDCs and pDCs, no transgene
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expression was observed. FACS analysis of the spleen revealed transgene expression in
about 15 % of splenic macrophages, independent of the incorporation of the miRT sites.

In order to determine if a certain population of splenic macrophages is transduced to a
higher extend, we performed an immunofluorescence analysis of the spleen with a co-
staining for CD31, expressed by endothelial cells, F4/80, a marker for macrophages with
high expression in tissue resident macrophages, and GFP. Analysis revealed that
exclusively macrophages in the red pulp and the marginal zone express the transgene
whereas no GFP positive events can be observed in the white pulp. This observation is
consistent across both treatment groups (Figure 6¢ and d).

Next, we addressed transgene expression in the liver with regards to the tumor by
immunofluorescence analysis. By the mCherry signal, tumor sites can be clearly defined
and are characterized by high amounts of F4/80 positive macrophages present inside the
tumor. Interestingly, some tumor associated macrophages close to the boarder of the
tumor are GFP positive. In agreement with previous results, in the hepatic region co-
staining for GFP, F4/80 and mCherry revealed high numbers of GFP and F4/80 double
positive cells confirming robust transgene expression by KCs. Importantly, we found that
transgene product expression, measured as GFP positive area, was statistically
significantly increased in regions located in close proximity to liver metastases (distance
to the tumor less than 200 um) than in tumor distant hepatic regions (distance to the tumor
more than 200 um) (Figure 6e and f). This was evident not only for the Mrc1.GFP.miRT
LV but also for Mrc1.GFP LV- injected mice confirming that the tumor specificity is
conveyed by the Mrc1 promotor and not by the miRT sites.

In summary, we generated an LV-based in vivo gene delivery platform, called KC-LV,
which allows selective transgene expression in Kupffer cells. Remarkably, transgene
expression is significantly increased in close proximity to the tumor site confirming the

ability of this platform to deliver molecules to LMS.
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Figure 6: Biodistribution analysis of the Mrcl.GFP.miRT LV in the presence of MC38-based LMS.
Immunosuppressive NUDE mice have been injected with a dose of 6*108 TU of the indicated LV diluted in PBS or PBS
only as control. Ten days later, 500000 mCherry expressing MC38 cells have been injected intrahepatic. Endpoint
analysis has been performed 24 days after LV injection. (a) VCN detected in different tissues (n=5 biological
replicates). (b-c) Fraction of transgene expressing (GFP+) cells within the indicated populations in liver and spleen,
respectively, in flow cytometry analysis (n=5 biological replicates, statistics: Mann-Whitney test). (d) Representative
immunofluorescence image of the spleen of a Mrc1.GFP LV (left) and a Mrc1.GFP.miRT LV injected mouse. Slides
were stained for GFP (green), F4/80 (grey) and Hoechst (blue). (e) Representative image of the liver with LMS of a
Mrcl.GFP.miRT LV injected mouse with the signal of mCherry in red, GFP in green, F4/80 in grey and Hoechst in
blue. The interface between the tumor covering area (LMS) and the area of liver (healthy liver) is indicated by a dotted
white line and the tumor boarder, defined as area within 200 xm surrounding the LMS, is shown by a dashed white
line. (f) Quantification of the transgene expression represented by the GFP+ fraction within the tumor boarder and the
healthy liver area. Each dot represents the quantification of an image with five mice per group and three images per
mouse (statistics: Mann-Whitney test).
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3.2 IFNa delivery to LMS leveraging the KC LV

In order to validate the Mrc1/miRT-driven LV platform as a tool to express proteins
of interest in the liver, we aimed at delivering molecules with anti-tumor activity to liver
metastases. As molecule with anti-tumor activity, we employed interferon-a (IFNa), a
cytokine that can drive anti-tumor immune and angiostatic effects. Here, we generated an
LV hosting a mouse type | IFNa encoding cDNA under the control of the Mrcl promoter
and miRT-122/miRT-126, originating the Mrcl.IFNa.miRT LV. As control LV, we
generated a lentiviral vector containing the regulatory features of the Mrc1l.IFNa.miRT
LV (i.e. Mrcl promoter and miRT-122/miRT-126), but lacking IFNo. cDNA, originating
the ORFless LV (Figure 7a).

3.2.1 Dynamics and long-term systemic effects of in vivo IFNa deliver
In order to characterize the in vivo behavior of the Mrc1.IFNa.miRT LV in terms of
practicability for clinical translation, we investigated its potential to express IFNa in vivo

and the appearance of treatment-related adverse events.

3.2.1.1 Robust IFNa expression decays over a period of one year

In this context C57BI6 mice were injected with 1*10%8 TU of either the
Mrcl.IFNa.miRT or the ORFless LV. Efficient transgene expression was followed by
investigation of IFNa levels in the plasma. We observed that IFNa was expressed robustly
in Mrc1.IFNa.miRT LV treated mice while IFNa remained undetectable in ORFless LV
and untreated (PBS injected) mice (Figure 7b). As a potential counter selection of
engineered KC can be expected, we followed these mice over a period of one year to
evaluate dynamics of IFNa expression. IFNa levels in the plasma of Mrcl.IFNa.miRT
LV treated mice reached a maximum of 500 to 1200 pg/mL about 23 days after LV
administration. In the following period, we observed a sharp decrease of IFNa levels up
to day 50 after LV administration with a subsequent stabilization of 200 to 600 pg/mL till
day 150. In the time frame up to day 359 after LV injection, IFNa levels in the plasma
dropped to a low or undetectable levels in all animals. Accordingly, at the end of the
experiment 367 days after LV injection, no integrated copies of the LV were detected in
the liver of Mrcl.IFNa.miRT LV-treated mice. In Orfless LV treated mice instead we
observed about 0.22 vector copies per cell, suggesting a counter selection KCs engineered

to overexpress IFNa, but not of LV-transduced KCs in general (Figure 7c).
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These data confirm that the KC-LV allows robust and sustained expression of immune-
activating molecules in vivo over a period of approximately one year for IFNa. Moreover,
dynamics and decay of transgene expression is reproducible allowing a good dose control

as well as offering the definition of a window in which the treatment is active.

3.2.1.2 Mrcl.IFNo.miRT LV treatment is well tolerated and does not induce adverse
events
As demonstrated in previous studies, systemic treatment with recombinant IFNa. is
accompanied by severe side effects as neutropenia and autoimmunity (Sleijfer et al,
2005).

To investigate whether similar effects are triggered during the liver-directed treatment
with the Mrcl.IFNo.miRT LV, we monitored the mice for one year after treatment. No
macroscopic and behavioral abnormalities have been observed. Blood analysis revealed
no changes in number of platelets and red blood cells or the amount of hemoglobin,
confirming that no chronic anemic condition is triggered by the treatment (Figure 7d).
We observed a mild reduction in the number of white blood cells (WBCs). Detailed
analysis of the white blood cell compartment revealed a reduction in the B cell count of
about 50 %. In a similar way, we observed a partial depletion of eosinophils. Interestingly,
both effects, the decrease in the B cells as well as the shrinking of eosinophils was in
close correlation with decreasing levels of IFNa in the plasma, confirming that these
effects are transient and IFNa-related. Other compartments as CD4+ and CD8+ T cells,
inflammatory and resident monocytes, as well as neutrophils remained unchanged (Figure
7e).

IFNa has a strong inflammatory effect and leads to counter selection of engineered
KCs. In order to evaluate whether expression of IFNa in the liver induces chronic
hepatotoxicity we monitored levels of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) in the plasma, two enzymes, which are commonly observed to
be elevated in the context of hepatotoxicity. At 126 days after treatment, both, the
Mrcl.IFNo.miRT and the ORFless LV treated animals showed normal levels of ALT and
AST compared to PBS treated mice confirming the absence of chronic hepatotoxicity
(Figure 7).
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Figure 7: Assessment of the long-term dynamics IFN & expression and adverse events in the blood parameters and
liver enzymes. Immunocompetent C57BI6 mice have been injected with 1*108 TU of either the Mrc1.IFNa.miRT LV or
ORFless LV or only PBS. Blood analysis has been performed over a period of 1 year following injection and endpoint
analysis was done 367 days after LV injection. (a) schematic representation of the LV constructs Mrc1.IFNa.miRT LV
(top) and ORFless LV (bottom). (b) Level of IFN« detected in the blood plasma by IFN« ELISA over a period of one
year following LV injection. (c) VCN detected in liver and spleen at the endpoint analysis (statistics: Mann-Whitney
test). (d) Amounts of platelets (left), red blood cells (middle)and hemoglobin leves (right) measured by hemocytometer
analysis over the period of one year following LV injection. () Amounts of different white blood cell populations in the
blood, namely, B cells (upper left, CD4+ T cells (upper middle), CD8+ T cells (upper right), inflamatory monocytes
(lower left, resident monocytes (lower middle left), eosiniphils (lower middle right) and neutrophils (lower right).
Amounts were determined by normalizing the fraction of cells within CD45+ cells measured by flowcytometry by the
amount of white blood cells measured by hemocytometer, except for eosinophils, which have been determined directly
by hemocytometer. (f) Levels of the liver enzymes ALT and AST in the plasma at day 126 after LV injection.
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Figure 8: No induction of autoreactive antibodies in treated mice. Presence of autoreactive antibodiesin the plasma
against a broad pannel of autoantigens was assessed at day 52 in Mrc1.IFN a.miRT LV (n=4) and ORFless LV (n=3)
treated mice as well as at day 366 after LV injection in in Mrcl.IFNa.miRT LV (n=8), ORFless LV (n=8) and PBS
(n=5) treated mice. As positive control, plasma from a lupus mouse (18-week-old female NZB/NZW mouse) was
included. For experimental set up, see description of figure 5.

Elevated systemic levels of IFNa may have a systemic immune activating effect,
which could lead to induction of autoimmune reactions. We addressed that risk by testing
the serum of Mrcl.IFNa.miRT, ORFless LV-treated and untreated mice collected at day
52 and day 366 for the presence of autoreactive 1gG-type antibodies. In this assay, we
included wide array of 110 different potential autoantigens. As positive control, we
included serum collected from a NZB/NZW mouse, a common mouse model for lupus
displaying high levels of autoreactive IgGs (Dubois, 1966; Ono et al, 2000). As expected,
strongly elevated levels of autoreactive 1gGs have been observed in the serum of the
mouse suffering from lupus compared to all animals in the experimental group.
Furthermore, even though we observed presence of autoreactive antibodies against some

antigens in single animals, we could not observe a trend of increased autoimmunity in
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Mrcl.IFNa.miRT LV-treated animals compared to control animals. Hence, no
autoimmunity has been induced by the treatment with the Mrc1.IFNo.miRT (Figure 8).
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Figure 9: Hostopathologic assessment of adverse events in different organs collected during endpoint analysis.
Adressed histopathologic features were scored as not present (non), minimal, mild, moderate, marked and severe.

Investigated organs were liver, gall bladder, spleen, lymph nodes, lung, small intestine, large intestine, kidney, heart,
bone marrow, brain, ovaries and skin.

At endpoint analysis 366 days after LV injection, no macroscopic abnormalities other
than age related skin irritations were observed independently of the treatment group.
Histopathological analysis of the liver, gall bladder, spleen, lymph nodes, lung, small and
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large intestine, kidney, heart, bone marrow from femur, tibia and sternum, brain, ovaries
and skin revealed no treatment-related toxicity. Histopathologic abnormalities observed
were classified as age related and no difference in frequency or severity has been observed

between the treatment groups (Figure 9).

Taken together, treatment with the Mrc1.IFNo.miRT at doses of 1*108 TU per mouse
is well tolerated with only modest and transient side effects observed in the B cell and
eosinophil compartment. Importantly, commonly observed adverse events correlated
with systemic IFNa treatment as neutropenia and induction of autoimmunity have not
been observed. These data support that the KC LV composes a safe and robust platform

to deliver IFNa in vivo.

3.2.2 Therapeutic intervention leads to reduced tumor growth in an MC38 based
murine tumor model

After establishing an efficient platform to deliver IFNa to LMS in a safe manner

without inducing severe side effects, we applied our LV-based IFNa delivery platform

for a therapeutic intervention in an experimental CRC-LMS mouse model.

3.2.2.1 Intervention with high dose of Mrcl./FNa.miRT LV reveals its therapeutic
potential

We performed an intrahepatic injection of MC38 cells in immunocompetent mice
giving rise to a commonly used syngeneic mouse model of CRC-LMS and treated them
six days post tumor placement with 3*108 TU of the Mrc1.IFNa.miRT LV (Figure 10a).
In the plasma of treated animals robust IFNa. levels of up to 2000 pg/mL were observed,
following the previously described dynamics (Figure 10b) which confirms transduction
and transgene expression. In control (ORFless LV)-treated animal, we detected increased
IFNa levels (~300 pg/mL) two days after LV injection that decayed to undetectable levels
within one week, while PBS-treated mice did not show detectable levels of IFNa at any
time point. Reason for that is a naturally occurring antiviral response upon systemic
delivery of the LV (Soldi et al, 2020; Grandvaux et al, 2002). In accordance with previous
experiments, we observed a reduction in the white blood cell compartment caused by a
partial B cell depletion (Figure 10d). Tumor growth was followed by magnetic resonance
imaging (MRI). Remarkably, we observed a significantly reduced tumor size in the
treated animals compared to control-treated animals (Figure 10e). Of note, while in all
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control mice tumor progression was observed, one Mrcl.IFNa.miRT LV-treated mice
rejected the tumor entirely after initial tumor growth onset and remained tumor free until

the end of the experiment 55 days after tumor placement.
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Figure 10: Therapeutic efficacy of the Mrcl.IFNo.miRT LV treatment in a murine MC38 cell-based tumor model.
MC38 cells were transplanted in the liver of female C57BI6 mice by intrahepatic injection followed by treatment with
3*108 TU of either the Mrc1.IFNo.miRT LV (n = 10) or the ORFless LV (n=10). Tumor growth was addressed by MRI
and adverse events as well as treatment activity was followed by blood analysis. As control mice did not undergo MC38
cell transplantation and were injected with PBS only (PBS, n=5) (a) schematic timeline of the experiment. (b) IFN«
content measured in the plasma of mice. The timepoint of LV injection is indicated by an arrow. (c) VCN analysis in
the liver. (d) Number of white blood cells and in particular B cells in the blood measured by flowcytometry analysis
and hemocytometer (statistics: Mann-Whitney test). (e) tumor volume measured by MRI at day 13 and 20 after tumor
transplant (statistics: Mann-Whitney test). In a second experiment annotated as “low dose” with a similar timeline, LV
doses was reduced to 3*107 TU per mice. (f) IFN« content measured in the plasma of mice. The timepoint of LV
injection is indicated by an arrow. (g) VCN in the liver of mice from the low dose experiment. (h) Volume of LMS
measured at day 15 and day 22 after tumor placement by MRI (statistics: Mann-Whitney test). (i) Number of white
blood cells and in particular B cells in the blood of mice from the low dose experiment measured by flowcytometry
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analysis and hemocytometer (statistics: Mann-Whitney test). (j) Fold reduction of WBCs and B cells upon treatment in
the high dose experiment (mice treated with an LV dose of 3*108 TU) and the low dose experiment (mice treated with
an LV dose of 3*107 TU). Absolute amounts of WBCs and B cells were normalized by the average amount of WBCs
and B cells in the ORFless group with matched treatment doses, respectively (statistics: Mann-Whitney test).

3.2.2.2 Lowering the dose maintains the antitumor effect while reducing side effects

In mouse models of acute inflammation, IFNa levels in the plasma of mice can rise up
to 300 pg/mL (Hickerson et al, 2020). In order to investigate whether we can also observe
a therapeutic effect at a dose leading to IFNa levels in the plasma within a physiological
range, we repeated the previously described experiment with a 10-fold decrease dose of
3*10’ TU per mouse. In accordance with the applied dose, we observed concentrations
of IFNa in the plasma of about 400 pg/mL (Figure 10f), underlining the direct correlation
between dosing and transgene output of the Mrcl.IFNa.miRT LV. In terms of tumor
growth, similar results as in the high dose have been observed. Tumor burden was
significantly reduced in treated animals. Also in this setting, one mouse cleared the tumor
(Figure 10h). The reduction in the B cell compartment however is less evident at this dose
(Figure 10i and j).

Taken together, the Mrc1.IFNo.miRT LV shows a strong therapeutic effect in this
experimental model of CRC-derived liver metastasis. Importantly, the antitumor effect is
evident not only at doses leading to supra physiological also at levels of IFNa in the
plasma which can be reached during physiological immune reactions. Furthermore, these
data also confirm the direct controllability of effective dose by dosing of the vector.

3.2.2.3 Complete responding mice are refractory to re-challenge with matched cancer
cells

In order to investigate whether a protective and systemically active tumor immunity
was triggered mice that rejected the tumor following to Mrcl.IFNoa.miRT LV treatment,
we performed a re-challenging experiment by transplanting MC38 cells subcutaneously
into the flank of these mice. While control mice showed a rapid onset and progression of
tumor growth, the mice that previously rejected the LMS showed a delayed growth
progression (mouse from low dose setting, Figure 11a) up to a complete rejection of the

tumor (mouse from high dose setting, Figure 11b).
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Figure 11: Re-challenge shows partial protection of complete responding mice. Mice that completely cleared the
tumor in low dose (n=1) and high dose (n=2) experiment were challenged with a subcutaneous injection of 1*106
MC38 cells together with the PBS control mice of the respective experiment(low dose: n=4; high dose: n=5). Here the
tumor growth is shown for the low dose experiment (a) and the high dose experiment (b).

In sum, we could show that treatment with the Mrc1.IFNa.miRT LV does not only
elucidate an antitumor effect but is also capable to induce an immunological memory in

mice preventing potential tumor reoccurrence.

3.2.2.4 IFNa treatment leads to induction of tumor antigen specific CD8 T cells

IFNa is an immune activating cytokine with a pleotropic effect engaging the lymphoid
as well as the myeloid compartment. Furthermore, a direct effect of IFNa on cancer cells
leading to increased apoptosis has been suggested as well (Chawla-Sarkar, 2003;
Kotredes & Gamero, 2013; Gessani et al, 2014; Dickow et al, 2019). In this set of
experiments, we wanted to investigate the phenotypic alterations in the TME, triggered
upon LV-based IFNa delivery to the liver ultimately leading to decreased tumor growth.
We employed MC38 cells expressing the surrogate tumor antigen chicken ovalbumin
(OVA). To express OVA in cancer cells is common tool in the field of cancer research
for modelling the presence a strong tumor antigen (TA). It allows detailed assessment of

a TA specific immune reaction.

OVA-expressing MC38 cells were generated by transducing MC38 cells with an LV
conveying an OVA encoding cDNA under the control of a PGK promotor. The bulk-
transduced MC38-OVA cells showed an average of 2.8 VCN per cell which results in
about 96 % cells being transduced with at least one LV copy. The presence of a small

number of cells not expressing the model TA is desired as it resembles human disease
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quite well in which not all cells harbor the same TAs due to continuous acquisition of

new mutations.

We transplanted MC38-OVA cells by intrahepatic injection into immunocompetent
mice and treated them with the Mrcl.IFNa.miRT LV which resulted in IFNa levels of
about 650 pg/mL in the plasma eight days after treatment initiation (Figure 12a). In line
with the observation in previously described therapeutic experiments, we observed a
significantly reduced tumor growth in treated animals including two mice in which

treatment lead to complete rejection of the tumor (Figure 12Db).

In order to understand the mechanism of action of the treatment, we first investigated
the activity of the treatment by assessing the expression of the IFNa- responsive genes in
tumor, liver as well as spleen (Figure 12c). In liver and spleen, the identified sites of
transgene expression, we observed strong upregulation of the IFNa- responsive genes
Irf7, Ifitl and Oasla confirming IFNa activity. In the tumor instead, we observed only a
mild upregulation of Irf7 expression, whereas Ifitl and Oasla remained unaltered.
Interestingly, basal levels of Ifitl and Oasla expression in the tumor of untreated animals
are higher than in the liver and spleen, hinting towards an increased basal IFNa. signaling
inside the tumor. To address unresponsiveness of the tumor we also examined the
expression of the IFNa receptor. While the expression level of Ifnarl is comparable
between tumor, liver and spleen, Ifnar2 expression is strongly reduced in the tumor in
both, the Mrcl.IFNa.miRT LV and Orfless treated group (Figure 12d). Of note, for
efficient intracellular IFNa signaling presence and dimerization of the subunits IFNaR1
and IFNaRz2 is of crucial importance (Short, 2015).

Next, we investigated the antitumor immune reaction on a cellular basis by applying
flow cytometer analysis on the tumor infiltrate. Despite the absence of increased IFNa
signaling in the tumor, we observed a skewing of TAMSs towards a pro-inflammatory
state, manifested by a trend towards a decrease in M2-like macrophages and increase in
M1-like polarized TAMs (Figure 12f). Furthermore, we also saw an enhanced
engagement of the adaptive immunity. Strikingly, in the Mrcl.IFNa.miRT LV treated
group the number of OVA reactive and therefore cancer specific CD8+ T cells was

significantly increased (Figure 12e).
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Figure 12: Remodelling of the TME upon treatment in MC38-OVA derived LMS. Female C57BI6 mice were
challenged with an intrahepatic injection of 500000 MC38-OVA cells followed by treatment with 3*108 TU of the
Mrcl.IFNa.miRT LV or ORFless LV three days after tumor placement. (a) IFN« level measured in the plasma of mice
at day 5 and day 11 after tumor placement (n=6-9 mice per group). (b) Tumor volume measured by MRI at day 6 and
day 13 after tumor placement (n=9, 10 mice per group; Statistics: Mann-Whitney test). (c) Gene expression by digital
droplet PCR (ddPCR) of the IFNa-responsive genes Irf7, Ifitl and Oasla normalized to the expression of Hprt in the
tumor (left), liver (middle) and spleen (right). Only mice with considerable tumor volume were included in the tumor
gene expression analysis as well as all following analysis on tumor tissue (n=7, 10 mice per group; statistics: Mann-
Whitney test, p-value indicates statistical significance for all indicated comparisons within tumor, liver and spleen).
(d) Gene expression by ddPCR of the interferon alpha receptor subunits Ifnarl and Ifnar2 normalized to the expression
of Hprt in the tumor (left), liver (middle) and spleen (right/ (n=7, 10 mice per group). () Frequency of OVA-reactive
CD8 T cells within CD8+ T cells assessed by flow cytometry (n=7, 10 mice per group; statistics: Mann-Whitney test).
(f) Frequency of M1-like (CD11b* F4/80* CD11c* Ly6C") and M2-like cells (CD11b* F4/80* CD11c") of CD45* cells
(n=7, 10 mice per group; statistics: Mann-Whitney test).
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Coherent with the inhibited tumor growth in treated animals, these data confirm a
reprogramming in terms of cellular composition of the TME towards an antitumor state
upon treatment with the Mrcl.IFNa.miRT LV. This includes the myeloid as well as the
lymphoid compartment. This is the case in spite of the apparent absence of a direct
increase of IFNa signaling in the TME upon treatment in this tumor model. However, the
effect of the Mrcl.IFNa.miRT LV treatment on individual cell types within the TME

remains to be investigated.

3.3 Evaluation of therapeutic effect in a more relevant tumor model
Delivery of MC38 cells to the liver of C57BI6 mice is a commonly used murine model
for experimental CRC-derived LMS. It has, however, certain limitations and does not
fully recapitulate human disease and accordingly the response to the therapy. MC38 cells
harbor mutations in the DNA mismatch repair machinery. Hence, they are characterized
as microsatellite instable, which leads to rapid acquisition of new mutations. However, in
the majority of human disease CRC-LMS are described as microsatellite stable.
Furthermore, direct intrahepatic seeding of MC38 cells leads to formation of a single
bulky tumor characterized by a virtually homogeneous cellular mass without the typical
histopathological features of human CRC LMS (Figure 6e). Natural occurring processes
during metastasizing of human CRC as migration through the blood stream followed by
extravasation and seeding into the liver are not required. In order to overcome these
limitations, we attempted to employ an innovative murine model of CRC-LMS, which
better recapitulates human disease and allows a more accurate assessment of therapeutic

efficiency and mechanism of action of the Mrc1.IFNo.miRT LV treatment.

3.3.1 Organoid based tumor model closely resembles human disease

For the murine model of CRC-LMS we employed CRC-derived organoids with a C57BI16
background harboring a distinct and well-defined set of driver mutations, which are
frequently observed in human CRC-LMS. Namely, they are characterized by a loss of
function mutation in the adenomatous polyposis coli protein gene, the Kirsten rat sarcoma
virus gene and the p53 gene (APC?7/%; Kras®?P; Trp53R?7%H) as well as the bi-allelic
knockout of genes for tumor growth factor receptor 2 (Tgfbr2”") and F-box/WD repeat-
containing protein 7 (Fbxw77) giving rise to AKTPF-organoids. The organoids were
established by the usage of mice with C57BI6y background that harbor a monoallelic
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constitutive APC#7/ mutation and inducible versions of the mutations Kras®?P
(monoallelic), Trp537?"® (monoallelic), Tgfor2”- and Foxw7”- exploiting the Flox-
CreERT system (Jackson et al, 2001; Olive et al, 2004; Chytil et al, 2002; Oshima et al,
1995; Onoyama et al, 2007). Mice were treated by four consecutive intraperitoneal
tamoxifen injections to activate the Cre-recombinase and allow the induction of all
mutations in the epithelial cell which form the crypts in the large intestine and colon. Five
to eight weeks after the initial tamoxifen injection, organoid cultures were established
form the CRC tumor cell found in these mice intestinal crypt (Sakai et al, 2018). By
seeding of the organoids into the spleen or by portal vein injection, CRC cells enter and
migrate through the blood stream and enter the liver through the portal vein, which is in
close accordance with the migration rout of human CRC cells towards the liver (Kok et
al, 2021). Extravasation and seeding of the organoid-derived CRC cells into the liver
completes the naturally occurring process of LMS formation in human disease. This
model of spontaneous LMS seeding into the liver leads to formation of multifocal

metastases widely distributed through all liver lobules (Figure 13a).

To confirm that this organoid-based murine model closely recapitulates human CRC-
LMS in terms of cellular structure we performed a pathological analysis of murine and
human CRC-LMS. Side-by-side comparison reveled extensively overlapping features,
emphasizing the relevance of this tumor model. Namely, we observed dilated neoplastic
gland formations, which are characterized by central dirty necrosis and neoplastic
epithelium without mucus secretion composed of atypical cells with pleomorphic nuclei
(Figure 13b). This compartmentalization inside the LMS could not be observed in MC38-

based tumor models, underlining the value of the AKTPF-organoid based LMS model.

Furthermore, immunofluorescence analysis revealed the presence infiltrating immune
cells in the tumor microenvironment of the AKTPF-organoid based LMS-bearing mice.
Namely, TAMs (F4/80 positive cells), dendritic cells (CD11c positive cells), CD4+ and
CD8+ T cells have been identified. In line with human disease, infiltrating cells have been
mainly observed in the surrounding of tumor cell nests and the stroma of tumors. Only
some macrophages have been observed also in the necrotic area of the tumor inside the

glands. Furthermore, fibroblasts (a-SMA positive cells) and the presence of endothelial
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cells (CD31+ cells) have been observed in the TME hinting towards angiogenesis and

fibrosis (Figure 13c-e).
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Figure 13: Characterisation of the AKTPF organoid-based
murin tumor model in C57BI6 mice. (a) Representative MRI image of
the liver of an LMS bearing mice 21 days after intra splenic injection
of the tumor cells. Metastasis are indicated by red arrows. (b) Side
by side comparison of tH&E stainings of a human liver bearing CRC
LMS (left) and mouse AKTPF organoid-derived CRC LMS. (c-€)
Representative immunofluorescence images of livers bearing AKTPF
organoid-derived LMS stained with E-cadherin (grey) and Hoechst
(blue), together with CD8a (red) and CD4 (green) in (c), F4/80 (red)
and CD11c (green) in (d) and a-SMA (red) and CD31 (green) in (e).

Collectively, the AKTPF-organoid murine tumor model closely recapitulates human
disease in terms of metastasis formation and distribution as well as pathological
characterization of the metastasis. This model of CRC-LMS allows us to better
investigate the therapeutic effect as well as the underlying mechanism of action,

especially in terms of translatability to humans.
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3.3.2 Enhanced tumor infiltration of transgene expressing cells in the organoid
based tumor model

Since we observed dramatic differences in the structure and the distribution of the

AKTPF organoid-based LMS compared to the MC38 based tumor model, we suspected

potential changes in transgene expression upon KC-LV treatment with regards to the

tumor.

To address this question, we used the immune-suppressed NSG mouse strain, which
is lacking functional NK cells. In contrast to C57BL6 mice, NSG mice, however,
recognize the human “don’t eat me” signal CD47 which can be found on the surface of
LVs produced in the human cell line HEK293T. As previously shown, presence of CD47
on the LV surface alters the biodistribution of systemically injected LV into NSG mice,
especially the transduction efficiency of KCs is reduced. To circumvent this, we used an
Mrcl.GFP.miRT LV lacking CD47 on its surface as previously described by our group
(Milani et al, 2019).

Seven days after tumor placement by intrasplenic injection of AKTPF organoids, we
treated mice with 1*108 TU per mice of the CD47 free Mrc1.GFP.miRT LV. Coherent
with previous analysis, by immunofluorescence analysis we found high amounts of
transgene expressing KCs in close proximity to the tumor site. Interestingly, in this model
the number of GFP+ macrophages inside the tumor area, which was identified by E-
cadherin staining, is increased compared to the MC38-based tumor model. These
transgene expressing cells can be mostly found in the areas between the neoplastic

epithelium (Figure 14a and b).
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Figure 14: Biodistribution of transgene expression of the Mrc1.GFP.miRT LV. AKTPF organoids have been
transplanted into NSG mice, followed by the injection of 1*108 TU of MRC1.GFP.mirT LV 7 days after tumor
placement. Endpoint analysis has been performed 28 days after tumor placement. (a) A representative
immunofluorescence image of an LMS bearing liver stained for GFP (green), E-Cadherin (grey) and Hoechst (blue).
The tumor area is indicated by the dotted white line and the border area defined as the area within 300 m surrounding
the tumor is indicated with a white dashed line. (b) Quantification of the GFP positive area within the indicated zones
(tumor, border and healthy liver) normalized to the GFP positive area in the healthy liver detected in each individual
image. Each dot represents the average detected for a mouse while 4 to 5 images per mouse were analyzed (n = 6-
9mice per group; statistics: 2way Anova (Turkey test)).

These data confirm the possibility of the KC LV platform to deliver transgenes to LMS
also in a more relevant murine model. Increased presence of transgene expressing cells
in the TME of AKTPF organoid-derived LMS suggests that the MC38 cell-based analysis

may even have underestimated the potential of the KC LV platform.

3.3.3 Mrcl.IFNe.miRT LV substantially inhibits tumor growth

Demonstration of a therapeutic effect in this more relevant murine model of CRC-
LMS would severely enhance the value of the Mrcl.IFNa.miRT LV especially with
regards to its translational potential. Furthermore, biodistribution experiments suggest
that IFNa delivery in this tumor model is more efficient than in the more basic MC38

based tumor model, thus, potentially enhancing the therapeutic effect.
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Figure 15: Therapeutic efficacy of the Mrc1.IFNa.miRT LV in the AKTPF organoid-based tumor model. To that
aim, AKTPF organoids have been transplanted into C57BI6 mice by intra splenic injection. Seven days after tumor
placement, mice have been injected by 1*108 TU of either the Mrcl./FNa.miRT LV or the ORFless LV. Control mice
did not receive AKTPF organoids and were injected with PBS only (PBS). Tumor growth has been assessed by MRI.
(a) Schematic experimental timeline. (b) VCN detected in tumor-free liver tissue. (c) IFN« levels in the plasma at
indicated timepoints after tumor challenge. (d) Cumulative tumor volume 28 days after tumor placement (n=9, 10 mice
per group; statistics: Mann-Whitney test). A second experiment with a similar set up has been performed with the same
treatment groups and experimental timelines with an additional MRI analysis at day 21 after tumor placement. (e)
IFN« content in the plasma (n=10). (f) Cumulative tumor volume detected by MRI at days 21 and 28 after tumor
placement (n=10; statistics: Mann-Whitney test).

To proof this hypothesis, we treated AKTPF-organoid derived LMS bearing C57BI6
mice with the Mrcl.IFNa.miRT LV seven days after tumor placement (Figure 15a).
Treated animals showed substantial amounts of integrated LV copies in liver and spleen
and of IFNa levels of about 700 pg/mL eight days after LV injection, which is in line with
previously observed levels at this dose- (Figure 15c). Despite substantial variability
within the treatment groups, we observed a reduced tumor growth in Mrcl.IFNa.miRT
LV treated mice compared to the Orfless LV control group which was close to statistical

significance (Figure 15d). Strikingly, the complete response rate in treated animals was
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30 % while all control mice showed robust LMS growth, hinting towards an increase
therapeutic efficiency of the Mrc1.IFNoa.miRT LV in this tumor model.

In order to further establish the therapeutic efficiency of the Mrcl.IFNa.miRT LV by
increasing the number of mice per group, we repeated the previously described
experiment. Parameters as IFNa levels in the plasma were analogous with previous
observations confirming activity of the treatment (Figure 15e). In this experiment we
observed strong therapeutic effect manifested by a statistically significant reduction in
tumor growth with a complete response rate of 40 % and overall response rate of about
80 % (Figure 15f).

Taken together, these data further confirm the therapeutic potential of
Mrcl.IFNoa.miRT LV treatment for LMS in a second and clinically highly relevant
murine model of LMS. In line with our expectations based on the previously performed
biodistribution experiment, the therapeutic effect was indeed enhanced in this organoid-

based tumor model compared to the MC38-based tumor model.

3.4 Enhanced IFNa signaling in treated LMS leads to substantial
reprogramming of the TME
Understanding the mechanistic of a treatment is of crucial importance for clinical
translation. It may allow identification of targets for further improvement and engagement
of combinatorial treatments as well as prediction of efficiency and risk assessment for

potential adverse events dependent on the patient anamnesis.
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2 Figure 16: Remodeling of the TME in AKTPF organoid derived
W W LMS upon Mrcl IFNa.miRT LV treatment. LMS from mice with
considerable tumor volume of the first therapeutic experiment

f T cell infiltration by IF-stainin -, (described in figure 15a-d) have been analyzed (Mrcl.IFNo.miRT:
y p'=0 0259 X ®! n=7; ORFless: n=10). (a) Gene expression by ddPCR of the IFNa-

80000 |—- ' §: responsive genes Irf7, Ifitl and Oasla normalized to the expression

° 1=+ of Hprtin the tumor (left), liver (middle) and spleen (right/ statistics:

o 600004 e o0 ‘o° -5: Mann-Whitney test, p-value indicates statistical significance for all
§ . K L3 s :%: indicated comparisons within tumor, liver and spleen). (b) Gene

“3’40000‘ M ; 1 S 1 7' expression by ddPCR of the IFNa receptor subunits Ifnarl and

3 * ol .‘3: o* ! ! Ifnar2 normalized to the expression of Hprt in the tumor (left), liver

20000 e33° oo See '@+ (middle) and spleen (right). (c) Flow cytometric analysis of the

HE T 1 21 polarization of TAMs (CD45+ CD11b+ F4/80 + cells) towards an

0 N . :_ﬁ_: M1 like phenotype represented by the fraction of CD86+ cells within

,\&‘\ ,\&‘\ TAMs (statistics: Mann-Whitney test). (d) fraction of CD8+ T cells

$ §° within CD45+ cells by flow cytometry (statistics: Mann-Whitney

test). (e) Representative image of an immunofluorescence staining

of liver sections containing LMS from an Mrc1.IFNa.miRT LV (left)
and ORFless treated mouse (right). Sections were stained for CD8a (red), CD4 (green), E-Cadherin (grey) and Hoechst
(blue). (f) quantification of CD4+ and CD8+ cells per cm? within LMS. Each data point represents an image taken
from Mrcl.IFNa.miRT LV (n=7) and ORFless LV treated mice (n=10) with 1-2 images taken per mouse
(statistics: Mann-Whitney test)

3.4.1 Upregulation of IFNa responsive genes confirms activity of the treatment in
LMS

First, we addressed the site of activity of the Mrcl.IFNa.miRT LV treatment
represented by the expression of IFNa- responsive genes in the tumor as well as liver and
spleen. Expression of Irf7, Ifitl and Oasla in liver and spleen is increased to comparable
levels as in previous experiment. Interestingly, however, the expression level of these
IFNa- responsive genes in AKTPF organoid-derived LMS is strongly increased as well
in Mrcl.IFNa.miRT LV-treated mice which stands in contrast to what has been observed
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in the MC38 cell-based tumor model (Figure 16a). However, this is in line with the more
efficient transgene expression inside the tumor in the AKTPF organoid based tumor
model as witnessed in the bio distribution experiments. An important observation with
this regard is that the basal expression level of IFNa-responsive genes is not increase
compared to liver and spleen tissue, hence, there does not seem to be an increased IFNa
signaling present in the tumor. A second difference we observed compared to the MC38
model is a robust expression of the Ifnar2 inside the tumor, similar to Ifnar2 expression

in the liver and spleen, thus enabling efficient IFNa. signaling (Figure 16b).

3.4.2 Effective reprogramming of the TME in cellular composition and spatial
distribution

Enhanced IFNa signaling also correlated with an enhanced remodeling of the tumor
microenvironment. FACS analysis of the tumor infiltrate revealed a tendency towards an
increased polarization towards an M1-like phenotype. This is especially evident by the
increased CD86 expression, a typical M1-macrophage marker (Figure 16c). Furthermore,
the number of CD8+ T cells is significantly increased (Figure 16d). Importantly, complete
responding mice could not be analyzed due to the absence of LMS. The polarization of
the macrophage compartment towards pro-inflammatory phenotypes as well as the
increased infiltration of cytotoxic T cells was confirmed by increased expression of the

genes Cd86 and granzyme betta (Gzmb).

Previous studies have shown that the interface between the tumor and liver
parenchymal tissue is crucial for initiation of an antitumor immune reaction (Berthel et
al, 2017). According to our bio-distribution analysis transgene expression of the KC LV
is increased in this area (Figure 14a and b). To further investigate the restructuring of the
tumor microenvironment focusing on special differences, we performed
immunofluorescence analysis focusing on the T cell, dendritic cell and macrophage
compartment. In the T cell compartment, we detected an increased infiltration of CD8+
but not of CD4+ T cells. This is in accordance with previous results obtained by flow

cytometry.

These data reveal that enhanced IFNa signaling in the tumor is accompanied by a
substantial reprogramming of the innate and adaptive component of the TME towards an
antitumoral state upon Mrc1.IFNo.miRT LV treatment.
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3.5 Single cell omics gives mechanistic insight into therapeutic effect and
reveals a compensatory mechanism

Our previous data have demonstrated a reprogramming of the cellular composition of
the TME upon IFNa treatment. To assess the impact of the Mrcl.IFNo.miRT LV
treatment on the different cellular compartments in more detail, we performed single-cell
RNA sequencing (scRNA-seq) on sorted LMS-derived viable cells. For that purpose, we
took advantage of LMS from Mrcl.IFNa.miRT LV and ORFless LV treated mice of the
second organoids-based therapeutic experiment described in section 4.3.3. Based on their
tumor volume, we divided the mice into three cohorts, namely, partial responders (n=3)
characterized by a reduced tumor growth, resistant mice (n=2) showing a tumor growth
of similar extend as control mice and ORFless LV treated animals (n=3) with an average
tumor burden. Of note, complete responding mice were excluded from this study as there
was no tumor present that could be investigated (Figure 17a).

All viable cells were sorted form the dissociated LMS and processed for sScRNA-seq.
Quality analysis revealed capturing of 6000 to 12000 cells per sample with a coverage of
46000 to 80000 reads per cell and about 17000 different genes detected which is in line
with expectations and historic data. Based on unsupervised clustering we identified ten
different cell populations, namely, APCs, B cells, Bla cells, cancer cells, erythroblasts,
hepatocytes, LSECs, mast cells, neutrophils and T and NK cells (Figure 17b). These
populations were identified by the characteristic expression of populations specific genes
such as Cd79a in B cells and B1la cells, the TCRbeta chain (Trbc2) in the majority of cells
of the T and NK cell compartment, Csflr expression in APCs and to lesser extend in
neutrophils, Cd33 on neutrophils, the Tie2 gene (Tek) on LSECs and the epithelial cell
marker Epcam on cancer cells (Figure 17c). Umap representation of the individual
cohorts reveals an extensive overlap of the populations between different treatment
groups (Figure 17d). Accordingly, the cellular composition within the different treatment
groups is similar. LSECs are detected nearly exclusively in the cohort of partial
responders, exclusively in the cohort of partial responders, T and NK cells are enriched
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Figure 17: Analysis of the reprogramming of the TME by scRNA-seq. For that purpose, LMS of mice from the
second therapeutic experiment discribed in figure 15e and f were analysed. At endpoint analysis 30 days after tumor
placement, LMS were dissociated and all viable cells were sorted by fluorescence activated cell sorting (FACS) and
processed for scRNA-seq using the Next GEM Single Cell 3' Kit v3.1 from 10X Genomics. (a) Selection of mice
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processed for scRNA-seq and division into the three cohorts control (n=3/red), partial responders (n=3/blue) and
resistant (n=2/green) based on the comulative tumor volume 28 days after tumor placement. (b) Umap representation
of the entire dataset with cluster annotation and classification into the indicated populations based on an unsupervised
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clustering. (c) Level of gene expression in of the genes Cd79a (upper left), Trbc2 (upper right), Csflr (middle left),
Cd33 (middle right), Tek (lower left) and Epcam (lower right) in a umap representation (d) Umap representation of
samples split into the three cohorts control (left) partial responders (middle) and resistant (right). (e) Percentage
fraction of cells belonging to the identified populations within each sample. (f) Heatmap showing expression of the top
20 upregulated genes for each population identified in (b). Mannually selected genes are annotaded.

in both Mrc1l.IFNo.miRT LV-treated cohorts and the TME of the control cohort shows a
trend of enriched in neutrophil contents (Figure 17e). Expression analysis of the top 20
upregulated genes in each cluster confirms the individuality of each population
demonstrated by the low overlap of gene expression patterns between the different
clusters identified. Furthermore, the top 20 upregulated genes of each cluster contained
common genes associated to each particular population, further confirming their identity
(Figure 17f).

3.5.1 Strong reprogramming of the APC compartment upon IFNa treatment

After the identification of these distinct cell populations, we performed an individual
analysis focusing on the APC compartment. Upon gene set enrichment analysis (GSEA)
comparing the APC compartment from the LMS of the different cohorts we observed a
strong upregulation of IFNa response, represented by the gene set
Hallmark_Interferon_Alpha_Response, in both Mrcl.IFNa.miRT LV treated cohorts
compared to ORFless LV treated LMS, thus confirming the efficient IFNa delivery to
LMS upon treatment. This was accompanied by an increased IFNy signaling.
Furthermore, positive regulation of cell killing, regulation of the innate immune response
and regulation of T cell mediated cytotoxicity was enhanced in IFNa-treated cohorts.
Moreover, GSEA shows increased antigen presentation in IFNa-treated cohorts and
upregulation of MHC expression in responding mice. Interestingly, antigen processing
and presentation and MHC expression in particular was increased in partial responding
LMS compared to the resistant cohort.

To further address the polarization state of the APC compartment, we took advantage
of gene sets derived from the group of Renato Ostuni who characterized BMDMs
stimulated with different immune activating and immunosuppressive cytokines, including
IFNa, LPS for M1-like polarization, and IL10, PGE2 and IL4 for M2-like polarization
(Cilenti et al, 2021). The gene sets for IFNa and LPS-stimulated macrophages (IFNa_RO
and LPS_RO) were enriched in partial responders as well as resistant LMS compared to

the control, confirming activation of the APC compartment towards an
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immunostimulatory state. However, comparison of the partial responder and resistant
cohort showed an enhanced IFNa and LPS stimulation in resistant mice. Interestingly,
the signatures of IL10, PGE2 and I1L4 stimulated BMDMs were enriched in APCs derived
from LMS of treatment resistant mice. This holds true for the comparison with responders
as well as the control cohort, thus, hinting towards an immunosuppressive polarization

phenotype of the APCs in the resistant mice (Figure 18a).

For better understanding of the cellular composition of the APC compartment we
performed sub clustering and identified ten different populations. Based on the expression
of characteristic markers, we identified the following populations: Ccr7 DCs expressing
Fscnl and Ccr7; CD8 cDC1 characterized by expression of Xcrl and MHCII related
genes such as H2-Abl and H2-AB1; Cd209a and Bcllla positive common dendritic cell
progenitors (CDPs); The two TAM populations IFNa TAMs and TAMs expressing TAM
markers such as Chil3, Fnl and Vcan; KCs expressing the common resident macrophage
marker genes C1ga and C1gb; monocyte dendritic cells (Mo DCs) which express genes
related to MHCII dependent antigen presentation such as Ciita, H2-Abl and H2-AB;
monocytes expressing CD300e and Eno3; pDCs with phenotypic expression of Siglech
and Ccr9; and pre DCs expressing the cell cycle related genes Stemnl and Mki6. Their
identity was confirmed by the expression analysis of the top 20 upregulated genes in each
cluster confirming their individuality and identity (Figure 18b and c). The compartment
of tumor-associated macrophages appears to be strongly reshaped by the
Mrcl.IFNo.miRT LV. This is evident by the fact that TAMs from both Mrc1.IFNa.miRT
LV treated groups form a separate cluster in the umap representation, annotated as IFNa
TAMs (Figure 18b). Indeed, quantification of the cellular composition demonstrated that
all TAMs of the Mrc1.IFNo.miRT LV treatment groups can be found in this cluster while
the vast majority of TAMs from the control group can be found in the cluster of
conventional TAMs (Figure 18d). However, expression analysis of the top 20 markers of
each cluster revealed an extensive overlap between TAMs and IFNa TAMs and the
expression of characteristic genes expressed in tumor associated macrophages in both
clusters such as Chil3. IFNa TAMs showed an increased expression of IFNa responsive
genes such as Ifi204 and Ifi2712a. To better understand the difference between IFNa
TAMs and TAMs we performed a GSEA directly comparing the two clusters (Figure

18e). As expected, we observed an enrichment of genes associated with response to IFNa.
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in IFNa TAMs. However, enrichment of genes responsive to other immune activation
cytokines such as IFNy, LPS and TNFa as well as a general enrichment in the cytokine
mediated signaling pathway demonstrates an increase proinflammatory phenotype of
IFNa TAMs compared to TAMs. In accordance, IFNa TAMs are characterized by
increased immune functions such as production of immune related cytokines, regulation
of immune effector functions and antigen presentation. TAMSs, instead, are enriched it
protein synthesis programs which is a feature observed in alternatively activated M2-like
macrophages with protumoral functions (Shay et al, 2017).

Furthermore, assessment of the cellular distribution of the APCs to the different
identified clusters revealed an accumulation of CD8 cDC1 and Mo DCs, two cell types
which are characterized by high antigen presenting activity (Figure 18d). This confirms
the previously observed enhancement in antigen presentation activity in APCs of the

responder cohort.

Taken together, treatment with the Mrc1.IFNa.miRT LV leads to a strong remodeling
of the APC compartment towards a proinflammatory state. This is especially evident in
the population of tumor-associated macrophages. However, in resistant mice antigen
presentation appears to be impaired compared to the partial responding LMS and the APC
compartment seems to be influenced by the presence of immune suppressive cytokines
such as IL10.

101



a Gene set enrichment analysis — APC compartment C

Partial Responder vs. Control

Resistant vs. Control

Cellular composition of APC compartment

80 = (e \
60 [ { e Control

‘

«

‘

Partial Respencer vs. Resistant

‘

«

o Partial ‘ i
"~ Responder |
e Resistant 1«
‘

&
=1

cells in cluster [%]

Control

10

Sub clustering of APC compartment

Partial
Responder

Resistant

Ccr7DCs
CD8 cDC1
CDPs
IFNa TAMs
KCs

Mo DCs
Monocytes
pDCs

pre DCs
TAMs

5y
couanet

® O 000000 00

d

Monacytes l
TAMSs
IFNa TAMs
KCs

Mo DCs
CoPs
pDCs
€D8 cDC1
Cer? DCs

pre DCs

Gene set enrichment analysis
IFNa TAMs vs. TAMs

GOBP_RIBOSOME_ASSEMELY

GOBP_TRANSLATIONAL_INITIATION.
GOBP_ANTIGEN_PROCESSING_AND_
PRESENTATION_CF_PEPTIOE_ANTIGEN
GOBP_REGULATION OF IMMUNE_
EFFECTOR PROCESS
GOBP_CYTOKINE_PRODUCTION_INVOLVED
_INIMMUNE_RESPONSE
GOBP_CYTOKINE_MEDIATED
TSIGNALING_ PATHWAY

HALLMARK_TNFA_SIGNALING_VIA_NFKE

LPS_RO.

HALLMARK_INTERFERON_GAMMA_RESPONSE

HALLMARK_INTERFERON_ALPHA_RESPONSE |

1FNa_RO:

Figure 18: Detailed analysis of the scRNA-seq data for the
APC compartment. (a) GSEA on differentially expressed genes
in the whole APC compartment comparing the cohorts partial
responders and control (left), resistant and control (middle),
and partial responders and resistant (right). On the x-axis the
normalized enrichment score (NES) is reported (Statistics:
adjusted P-value based on an adaptive multi-level split Monte-
Carlo scheme; *: padj <0.05; **: padj <0.01; ***: padj
<0.001; ****: padj <0.0001). (b) Umap representation of the
subclustering of the APC population split into the three cohorts
Control (left) Partial Responders (middle) and Resistant
(right), identifying ten different populations based on an
unbiased clustering approach. (c) Fraction of cells in percent

belonging to the identified populations within each sample (statistics: 2way Anova (Fisher’s LSD test); *: p<0.05; **:
p<0.01; ***: p<0.001; ****: p<0.0001). (d) Heatmap showing expression of the top 20 upregulated genes for each
population identified in (b)with annotation of mannually selected genes. (e) GSEA analysis on differnetially expressed
genes comparring the populations IFNa TAMs and TAMs. On the x-achses the normalised enrichment score (NES) is
reported (Statistics: adjusted P-value based on an adaptive multi-level split Monte-Carlo scheme; *: padj <0.05; **:
padj <0.01; ***: padj <0.001; ****: padj <0.0001).
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3.5.2 Composition of T and NK cell compartment determines antitumoral immune
response

Similarly to the APC compartment, we performed an isolated analysis of the
compartment of adaptive immune response represented by the T and NK cell
compartment. GSEA revealed that also in the T and NK cell compartment sensing of
IFNa is evident by an enrichment of interferon alpha responsive genes in LMS of
Mrcl.IFNo.miRT LV treated animals. Interestingly and in contrast to the APC
compartment IFNo signaling is increased in partial responding mice compared to
resistant mice. This IFNa signaling is accompanied by a general immune activation of T
and NK cells evident by an enrichment of the gensets Interferon_Gamma_Response,
Response_To_Type_I_Interferon, Response_To_Virus and
Cytokine_Mediated_Signaling_Pathway. Remarkably, effector functions such as T cell
mediated cytotoxicity, natural killer cell activation and regulation of cell killing is found
to be upregulated only in the group of partial responders, but not in resistant animals
(Figure 19a).

Subsequent clustering of the T and NK cell compartment revealed a variety of different
phenotypes of CD8 T cells, CD4 T cells as well as NK and NKT cells. T and NKT cells
were characterized by the expression of Cd3e. Among the CD4 positive cell we identified
stem cell memory like cells (CD4 Tsm-like cells) expressing Lefl, Tcf7 and Sell, effector-
like cells (CD4 Teff-like cells) which show upregulated expression of Cd40lg and Rora,
Pdcdl expressing exhausted cells (CD4 Tex cells), Foxp3-expressing regulatory T cells
(CD4 Treg cells) and Eomes positive T regulatory type 1-like cells (CD4 Trl-like cells).
The CD8 T cell compartment was subdivided into stem cell memory-like cells (CD8 Tsm-
like cells) based on the expression of Lefl, Tcf7 and Sell, memory T cells (CD8 Tm cells),
two different cluster of effector cells (CD8 Teffl cells and CD8 Teff2 cells), which
express Rora and Tnf or Gzma, Gzmb and Gzmk, respectively, and exhausted T cells (CD8
Tex cells) showing increased expression of Lag3 and Pdcdl. Furthermore, we identified
a cluster of proliferating T cells (T prol cells) expressing several genes related to cell
cycle progression such as Stemnl and MKki67, as well as gamma-delta T cells (gd T cells)
expressing the TCR gamma and delta chain (Tcrg-C1 and Trdc, respectively). Within the
NK and NKT cells compartment with their characteristic expression of Fcerlg, we

subdivided into innate lymphocytic cells (ILCs), MAIT cells, invariant NKT cells
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(INKT), gamma-delta NKT cells (gd NKT), NK cells and Granzyme A expressing NKT
cells (Gzma NKT) (Figure 19b).
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Figure 19: Subclustering of the T and NK cell population in sScRNA-seq data. (a) GSEA on differentially expressed
genes in the entire T and NK cell compartment comparing the cohorts Partial Responders and Control (left), Resistant
and Control (middle), and Partial Responders and Resistant (right). On the x-axis the normalized enrichment score
(NES) is reported (statistics: adjusted p-value based on an adaptive multi-level split Monte-Carlo scheme; *: padj
<0.05; **: padj <0.01; ***: padj <0.001; ****: padj <0.0001). (b) Umap representation of the T and NK subset with
cluster annotation and classification into the indicated populations based on an unsupervised clustering. (c) Level of
gene expression in of the genes Cd3e (upper left), Cd4 (upper middle), CD8a (upper right), Fcerlg (lower left), Foxp3
(lower middle) and Eomes (lower right) in a umap representation. (d) Heatmap showing expression of the top 20
upregulated genes for each population identified in (b) with annotation of mannually selected genes.
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As expected, we observed similarities majorly between the different NK and NKT cell
populations in the expression analysis of the tow 20 marker genes of each cluster (Figure
19c¢ and d). Also in the T cell compartment we observed overlap between certain cell
types such as the CD4 Tsm-like cells and CD8 Tsm-like cells as well as the CD8 Teffl
cells and CD8 Teff2 cells. Interestingly, the similarity between CD4 Treg cells and CD4
TR1-like cells was minor. Instead, CD4 TR1-like cells showed similarities to CD8 Tex

cells and the two CD8 Teff populations.

Side by side comparison of the T and NK cell compartment of the different cohorts in
a umap visualization demonstrate extensive overlap for most of the populations (Figure
20a). However, quantification of the cellular composition shows differences in the
abundance of several cell populations (Figure 20b). In the NK and NK T cell
compartment, we observed a higher abundance of ILCs in partial responding mice
compared to the control and resistant cohort. This is in line with the increased NK cell
activation in partial responders observed in the GSEA analysis. In the CD8 T cell
compartment, we observed an accumulation of CD8 Teffl cells in partial responders
(between 6 and 20 % of all T and KN cells), a population which is spars in the resistant
and control cohort (below 3 %). At the same time, we observe a trend towards reduced
amounts of exhausted CD8 T cells (CD8 Tex cells) in partial responders, even though not
significant. To further investigate this, we performed GSEA analysis comparing the
different treatment cohorts focusing taking into account all CD8 T cell populations
(Figure 20c). In line with previous observations, we observed an increased IFNo and
INFy signaling in all Mrc1.IFNa.miRT LV treated cohorts. However, direct comparison
between partial responders and resistant mice revealed an enhanced IFNo and INFy
signaling in partial responders. Gene sets focusing on the immunologic activity of CD8
T cells such as positive regulation of adaptive immune response, positive regulation of T
cell mediated immunity and positive regulation of T cell mediated cytotoxicity where
significantly enriched in the partial responders, suggesting enhanced effector functions in
this cohort. To address exhaustion in the CD8 T cell compartment we took advantage of
a gene set which has been published by Wherry and collaborators (Wherry et al, 2007).
Indeed, we observe that the signature score for the expression of the genes in this gene
set largely overlaps with the population of exhausted CD8 T cells (Figure 20d).
Strikingly, exhaustion was reduced in CD8 T cells derived from LMS of the partial
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responder cohort compared to control LMS. In contrast, we found strongly increase
exhaustion in resistant mice compared to control as well as partial responder mice. This
indicates that treatment with the Mrc1.IFNa.miRT LV in general leads to increased CD8
T cell activation. However, in responding mice this leads to a reduced exhaustion profile
of CD8 T cells while in resistant mice a T cell exhaustion is triggered, hence, rendering
the CD8 T cell response unfunctional in this cohort.

The CD4 T cell compartment reveals major differences in the regulatory T cell
compartments. Foxp3 positive conventional Tregs appear to be reduced in number in
responders compared to control animals. More strikingly, we observe large amounts of
Trl-like T cell almost exclusively in treatment-resistant mice. Indeed, about 38 % of all
T and NK cells belong to the cluster of CD4 Trl1-like cells compared to only 1 % and 5
% in partial responders and control mice, respectively. To further confirm the identity of
Trl-like cells we addressed the expression of Trl cell-related genes comparing the
population of CD4 Trl-like cells to all other T and NK cells. Indeed, we found that several
genes which have been described to be highly expressed or downregulated in Trl cells to
be upregulated and downregulated in the population annotated as CD4 Trl-like cells,
respectively, (Figure 20e). This hints towards the appearance of an antigen specific
tolerogenic mechanism leading to resistance against the treatment. Of note, Trl cells can
be induced by TCR engagement of CD4 T cells plus stimulation with IFNa and 1L10,
two cytokines, which appear to be abundant in Mrc1.IFNa.miRT LV treated but resistant

mice.

Taken together, we observed effective IFNo signaling in the T and NK cell
compartment in LMS of Mrc1.IFNo.miRT LV treated mice. While this leads to increased
effector functions and reduced exhaustion in partial responders, in resistant mice a
tolerogenic mechanism is triggered evident by increased exhaustion in CD8 T cells and

the appearance of high amounts of Tr1-like cells.
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Figure 20: Focused analysis of the T and NK cell compartment in the sScRNA-seq data. (a) Umap representation of
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derived from Wherry et al. in a umap representation (Wherry et al, 2007). (e) Expression level of Trl-associated genes
(left) and genes commoonly downregulated in Trl cells (right) in the population of CD4 Tr1-like cells and other T and
NK cells. The clolor discribes the expression level (blue representing a high expression and grey a low expression)
while the size of the dot represents the percent of cells in the population expressing the gene.

In general, we observed an effective delivery of IFNa to LMS upon Mrc1.IFNa.miRT
LV. Its immunologic activity is evident in all cellular compartments of the TME. The
APC as well as the T and NK cell compartments are strongly reshaped towards an immune
stimulatory state with enhanced antitumoral effector functions. This is evident by
increased antigen presentation on APCs and improved effector functions in the CD8 T
cells. In resistant mice, however, an immune evasion mechanism is triggered leading to
resistance to Mrcl.IFNo.miRT LV treatment. Most evident is the appearance of
tolerogenic CD4 Trl-like T cells in resistant mice. This is accompanied by partially
impaired antigen presentation in the APC compartment and increased exhaustion in the

T cell compartment.

3.6 Spatial transcriptomics analysis reveals importance of the tumor border

To gain further insights into the mechanism of the Mrc1.IFNa.miRT LV treatment and
to better understand the reshaping of the TME also with regards to the spatial component
we performed spatial transcriptomic analysis. To this aim, we took advantage of the
Visium technology developed by 10X genomics. It allows transcriptomic profiling of
individual spots of 55 pm diameter in an area of 6.5x6.5 mm. From each dot we can
retrieve whole transcriptome information, enabling assessment of gene expression
patterns and pathways. Transcriptional profiling from each spot can then be mapped
based on their coordinates and used to reconstruct the piece of tissue. Furthermore, a
hematoxylin/eosin image is produced in parallel from the same piece of tissue, thus
enabling perfect spatial positioning of analyzed dots.

To be able to match results obtained by scCRNA-seq we process pieces of the liver
containing LMS of the same mice and cohorts as described above (Figure 17a). Quality
control revealed an average of 1365 spots under tissue, 198653 reads per spot, 4566 genes

per spot and 18361 genes per sample.

3.6.1 Unbiased determination of spatial zones with regards to the tumor
Several studies have shown that the tumor boarder and peritumoral tissue are of high

importance for the tumor immune landscape (Berthel et al, 2017). Therefore, we decided

108



to focus our analysis on the assessment of differences between areas inside the tumor, the
tumor boarder, peritumoral tissue and healthy liver tissue. In order to enable integration
and comparative analysis of different samples, we developed a method to assign each spot
to a zone dependent on its position relative to the tumor. To this aim, we integrated the
results from all samples treating each spot as an independent entity. We performed
unsupervised clustering, which resulted into eight clusters (Figure 21a). To identify
clusters resembling spots that cover tumor areas we addressed the expression of genes in
the different clusters which are either commonly upregulated CRC-derived LMS such as
Epcam, S100a6 or Saa3 (Tumor specific genes) or liver-associated like Alb, Fabpl and
Apob. Following this analysis, we found upregulation of tumor specific genes and
downregulation of liver specific genes in the cluster 1 and cluster 6 while the other
clusters showed increased expression of hepatic genes and reduced expression of tumor
specific genes (Figure 21b). Indeed, spots of the clusters 1 and 6 largely covered tumor
spanning areas while the other spots are originated from liver tissue. Exemplary
assessment of a sample from the resistant cohort confirms this as can be seen by the
representation of the H&E staining allowing histopathologic identification of tumor areas
(Figure 21c) and the mapping of the spots from the different cluster on the tissue (Figure
21d). Based on these results we annotated the entities of cluster 1 and 6 as tumor-derived
(LMS) and the entities of cluster 0, 2, 3, 4, 5 and 7 as liver-derived, which led to a precise
and unbiased identification of the tumor-derived spots (Figure 21e). Next, we took
advantage of a moving average-based approach to further subdivide the spots on the tissue
into eight different zones based on their location with respect to the tumor-liver interface.
For that classification, the density of spots in the surrounding of each spot annotated as
tumor was taken as measure to divide the tumor spanning spots into four zones called
zone A, zone B, zone C and zone D, whereas zone A resembles spots that are surrounded
mainly by spots classified as LMS and zone D classified as spots that are surrounded by
fewer spots annotated as LMS. In a similar fashion, the spots annotated as liver-derived
were divided into the Zones E to H, in which spots of zone E have a lower density of liver

spots in their surroundings.
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transcriptomics of a representative sample. (d) Annotation of the spots with the previously defined clusters in (a) on

110



the same section shown in (c). (e) Classification as LMS or Liver of each spot on the tissue section based on the
identification of tumor resembling clusters in (b) and the cluster annotation in (d). (f) Division of spots into eight zones
based on the surrounding environment in terms of density of LMS and liver annotated spots. (g) Determination of the
estimated distance of the zones to the tumor-liver interface and classification of the zones into the areas inner tumor,
tumor border, pertumoral 1st, peritumoral 2nd and liver.

By this approach we created a gradient from the center of the tumor, which is annotated
as zone A spanning the interface between tumor and liver between zone D and E towards
areas of healthy liver annotated as zone H (Figure 21f). Taking the dimensions of the
analyzed tissue into account, we estimated the distance of each zone to the tumor boarder.
Zone D resembles spots inside the tumor within 100 um to the boarder, zone C between
100 um and 200 pum, zone B between 200 um and 300 um and zone A resembling the
center of the tumor with more than 300 um distance from the tumor-liver interface. In
this manner, zone A, B and C were classified as inner tumor and zone D and border tumor.
Similarly, zone E describes spots in the hepatic area within 100 um to the tumor, zone F
within 100 um to 200 um, zone G 200 um to 300 um and zone H resembles spots covering
healthy liver at a minimum distance of 300 um to LMS. Zone E and F were annotated as

peritumor 1st and 2nd, respectively, and zones G and H as liver (Figure 219).

3.6.2 Multiple comparison of the zones by GSEA

The previously described division of the tissue into different zones allows analysis
based on a GSEA comparing different dimension (Figure 22a). To address spatial
differences within each cohort, a comparison between zones within each treatment group
can be performed. To that end, we determined differentially expressed genes comparing
each zone to all other zones combined. Focusing on the control cohort, we observed an
enrichment of tumor related gene sets such as the hallmark epithelial-mesenchymal-
transition, hallmark p53 pathway and hallmark angiogenesis in the tumor spanning zones
A, B, C and D while liver related gene sets like hallmark peroxisome and hallmark
adipogenesis were enriched in the liver spanning zones E, F, G and H. This confirms the
precision of the zone-classification approach. Addressing the immune landscape, we
observed a strong intrinsic IFNo and IFNy response in the inner tumor and the tumor
border compared to the peritumor and liver zones. Interestingly, antigen presentation
seems to be specifically enriched in the zone C and D, hence in the tumor boarder,
supporting the hypothesis of the tumor-liver interface being an immunologically

important site (Figure 22Db).
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In the Mrcl.IFNoa.miRT LV-treated cohorts we observe a similar pattern. Tumor
related gene sets were found to be enriched in the inner tumor and tumor boarder, while
liver related gene sets were enriched in the liver-spanning zones. Interestingly, the
interface between LMS and liver appears to be less sharp especially in the partial
responders as there is no significant downregulation of the tumor specific gene sets and
no significant enrichment of hepatic gene sets in the peritumoral areas. Furthermore, the
increased IFNa and IFNy signaling is not only evident in the inner tumor and tumor
boarder, but also in the peritumoral zones. In contrast to resistant mice, this spans not
only the first peritumoral zone, but also the second peritumoral zone as well as the zone
G in the partial responder cohort. This is overlapping with the transgene expression
pattern observed in the biodistribution analysis (Figure 14a and b). Interestingly,
Mrcl.IFNo.miRT LV treatment seems to trigger IL-10 signaling in LMS which is not

observed in control mice (Figure 22b).

To better evaluate the effect of the treatment on each individual zone, we also
performed an analysis comparing the different cohorts focusing on each zone
individually. To that end, we determined the differentially expressed genes within each
zone comparing the cohorts with each other. GSEA revealed a strongly increased IFNa
and IFNy response in both Mrcl.IFNa.miRT LV-treated cohorts compared to control
mice in all zones. Interestingly, comparison between partial responders and resistant mice
revealed enhanced IFNa and IFNy signaling in resistant mice in the inner tumor, the
tumor boarder and the first peritumoral area but not in the second peritumoral area and
the liver area. Furthermore, triggering of IL-10 signaling is observed in resistant mice.
This holds true for all zones in comparison to partial responder mice, but only the tumoral
area and the first peritumoral area in comparison to animals. Indeed, we observe a
decreased IL-10 signaling in the liver area of Mrcl.IFNo.miRT LV-treated animals
compared to control animals. Moreover, antigen presentation is strongly increased in the
inner tumor and the peritumoral area in partial responder mice, but not resistant mice,
compared to control mice. In terms of immune unrelated effects, we observed striking
changes in angiogenesis. Angiogenesis is decreased in the center of the tumor of partial
responding mice, but not in resistant mice compared to control mice. Indeed, angiogenesis
is slightly increased in the tumor and the first peritumoral area compared to control mice.

The direct comparison between the partial responder and resistant cohort showed a
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decreased angiogenesis in in the tumor and peritumor area in partial responders (Figure
22¢).

Taken together, spatial transcriptomics revealed an endogenous inflammatory program
activated in AKTPF organoid-derived murine LMS. Treatment with Mrcl.IFNa.miRT
LV triggered an expansion of the inflammatory reaction towards the peritumor area. In
line with observations from the scRNA-seq antigen presentation was enhanced only in
partial responders and especially in the peritumoral area, the major side IFNa expression.
In contrast, resistant mice are characterized by a strongly enhanced IL-10 signaling
program, which is in accordance with the immune evasion mechanism observed in the

ScCRNA-seq analysis.
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Figure 22: Spatial transcriptomics differential analysis of the previously defined zones. Sections from LMS bearing
liver of the same mice processed for SCRNA-seq were processed for spatial transcriptomics using the Visium technology
from 10X Genomics. (a) Schematic discription of the comparissons performed. (b) GSEA analysis for comparisson
between zones within the cohorts control (left), partial responders (middle) and resistant (right). Differentially
expressed genes were calculated comparing each zone to all other zones within each cohort, ranked and processed for
GSEA. The heatmap shows the NES for the different gene sets within each zone. The upper left shows a historgam with
the detected NES discribing the color scale with a positive NES in red and a negative NES in blue. For more detailed
indication of the NES, the NES is plotted as a solid lightblue line each cell of the heatmap considering the same scale
as the histogram on the x-axis and the dotted lighblue line indicating an NES of 0. If the GSEA analysis of a gene set
led to a not significant result (adjusted p-value >0.05) the NES was determined as 0 (Statistics: adjusted p-value based
on an adaptive multi-level split Monte-Carlo scheme). The color bar above the plot indicates the area classification
defined in figure 21g. (c) Comparisson between cohorts within the same zone. For this comparisson, differentially
expressed genes were calculated within each zone comparing partial responders and control (left), resistant and
control (middle) and partial responder and resistant. The heatmap representation is the same as in (b).
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4 Discussion

Recent advances in the understanding of tumor biology as the definition of the tumor
hallmarks has allowed development of new therapeutic strategies like targeted therapy
and immunotherapy (Hanahan, 2022; Hanahan & Weinberg, 2011, 2000). However,
durable and complete clinical response rates especially for solid tumors remain limited
(Sambi et al, 2019). One of the reasons for the underperformance of these strategies in
solid tumors is the powerful immune suppressive microenvironment, which does not
allow establishment of antitumoral immune reactions rendering most immunotherapies
ineffective (Yu et al, 2021; Schoenfeld & Hellmann, 2020; Jenkins et al, 2018).
Consequently, CRC patients diagnosed with liver metastasis, which are characterized by
an extraordinarily strong immunosuppressive environment, do not benefit from novel
treatment approaches such as CAR T cells or checkpoint inhibitors (Burga et al, 2015;
Yu et al, 2021).

To overcome this obstacle, it is of crucial importance to remodel the TME towards an
Immune activating state to allow antitumoral immune reactions. In this context, specific
targeting of the tumor while sparring healthy tissue has been considered the “holy grail”.
For example, IFNa has demonstrated an antitumoral effect in several different tumor
types including liver metastasis arising from CRC which was accompanied by the
remodeling of the TME towards a proinflammatory and antitumoral state (Catarinella et
al, 2016; Escobar et al, 2014a). However, clinical application remains challenging due to
severe side effects observed upon systemic application of relevant doses (Sleijfer et al,
2005).

In this regard, the strategy to employ cells, which locate in close proximity to the
tumor, as trojan horses to convey the immune activating cytokine IFNa may prove a valid
strategy to overcome this hurdle. Indeed, recent studies exploring Tie2-expressing
monocytes for expression of IFNa in the TME has shown encouraging results in
preclinical studies and has led to the initiation of a clinical trial for the treatment of
glioblastoma multiforme (Escobar et al, 2014a, 2014b, 2018; Catarinella et al, 2016).
However, the requirement of hematopoietic stem cell transplantation and the variation in
the number of Tie2-expressing monocytes in the TME of different patients provides

challenges for this approach.
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Here, we present a new strategy based on in vivo gene therapy to specifically deliver
IFNa to CRC LMS, which allows increase of the number of transgene-expressing cells
and without the requirement of a hematopoietic stem cell transplantation. The intrinsic
capability of lentiviral vectors to transduce KCs in vivo upon systemic injection in
combination with the regulatory elements Mrcl promotor and miRT-122 and miRT-126
provides a tool to selectively engineer a highly abundant liver resident cell type, which is
closely associated to LMS. Indeed, with a single intravenous injection of the KC-LV, a
high fraction of KCs can be converted into vehicles to express IFNa in the liver of LMS
bearing mice. Following the intrinsic properties of Mrc1 promotor and the increased M2-
like polarization state of tumor-associated KCs, the transgene expression is strikingly
increased in areas surrounding LMS, hence allowing not only specific targeting of the
tumor bearing organ but also an increased IFNo expression at the tumor site inside the
liver. Tumor infiltrating macrophages express the transgene only to a lower extend. This
is most likely due to the origin of TAMs, which are conventionally bone marrow-derived
and therefore not targeted by the KC-LV platform. It is unclear if bone marrow-derived
TAMs in the TME at the moment of LV injection cannot be reached and engineered by
the KC-LV platform or if a fast turnover of TAMs leads to a rapid removal of engineered
TAMs from the TME. However, we believe that expression of IFNa. at the border area of
the tumor is more desired than inside the tumor as several studies have identified the
peritumoral area as major site for the initiation of immune reactions. Indeed, the result of
our spatial transcriptomic analysis supports this hypothesis as we observe an increased
inflammatory signaling and antigen presentation in this area even in control-treated
animals. Next to KCs we only observed off target expression in splenic red pulp and
marginal zone macrophages. Tissue resident splenic macrophages are characterized by a
similar function and transcriptional profile as KCs. Further characterization and miRNA
profiling of these two populations will be necessary to efficiently remove off target
expression in splenic macrophages. However, the spleen is part of the lymphatic system
and plays a central role in the initiation of T cell-based immune reaction. Therefore, an
immunologic stimulation by IFNo expression in the spleen may have a beneficial effect
and further support the initiation of antitumor immune reactions. Importantly, no chronic

tissue damage has been observed in the spleen.
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The appearance of severe adverse events in context of systemic IFNa treatment is
believed to be caused by the bioavailability. Repeated systemic IFNa injection leads to
the typical peak-and-drop in systemic levels of IFNa in which the level of IFNa reaches
toxic levels immediately after injection and drops below the therapeutic window after the
injection. This leads to the induction of side effect as well as low therapeutic efficiency
due to desensitization and only a short period in which the level of IFNa is within the
optimal therapeutic window (Budhwani et al, 2018). With the gene-based approach
presented in this project, we are able to overcome this obstacle. Indeed, we observe
sustained IFNa expression over the period of one year, which is directly dependent on
the injected LV dose, thus allowing a good dose control. The initial drop as well as the
slow decay of the transgene expression most likely reflects counter selection of the highly
transduced IFNa expressing KCs followed by a slow decay of the less transduced KCs,
respectively. A counter selection of IFNa expressing KCs in general can be expected due
to autocrine IFNa signaling, which may alter the activation status and reduce the
proliferative potential of these KCs. Importantly, the counter selection is not dependent
on the LV transduction itself as the transduction level in control-treated mice is
maintained. In general, the observed decay can be considered beneficial as this allows a
natural termination of the treatment. Alternatively, if the treatment has to be terminated
at earlier time points due to unforeseen events, a temporal KC depletion could be

considered.

Indeed, the sustained IFNo expression at the tumor side led to an accumulation of
IFNa in the plasma of treated mice which can be considered close to physiological as
similar amounts of IFNa can be observed during acute viral infections (Hickerson et al,
2020). The prolonged exposure to these levels of IFNa did not induce any severe side
effects other than a reduction in the absolute number of B cells. The severity of the
reduction in B cell counts was directly correlating with the amount of IFNa. in the plasma
of the mice. Whether the reduction is a result of overactivation of B cells in circulation or
an impairment in B cell development leading to a reduced B cell clonality remains to be
elucidated. However, the reduction of B cells can be evaluated as tolerable considering
the complete lifelong B cell depletion in B cell lymphoma patients treated with a CD19-

directed CAR T cell therapy (Schuster et al, 2017). Importantly, common IFNa.-related
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side effects such as neutropenia, induction of autoimmune responses or chronic
inflammation have not been observed in treated animals (Sleijfer et al, 2005). This is of

crucial importance for clinical translation of this treatment approach.

In the field of cancer research, the choice of an appropriate tumor model is of crucial
importance for the accurate prediction of the therapeutic potential as well as investigation
of mode of action of new treatment options. Here, we used two distinct murine models of
CRC-LMS, both based on 5- to 8-week-old female C57BI6 mice. The gender and age
selectivity were introduced for practical reasons as young female mice allow facilitated
mouse handling and display reduced fighting between individuals. However, the
selectivity of mice used in this study may give rise to a bias as gender and age are well
established risk factors for the developments of metastatic CRC with an increased
incidence in male individuals and an amplified risk at high age (Abancens et al, 2020;
Siegel et al, 2020). While the MC38 cell-based tumor model is characterized as
microsatellite instable, the AKTPF organoids are microsatellite stable, hence
investigating two distinct subtypes of CRC harboring a different degree of
immunogenicity. Importantly, we were able to demonstrate a clear therapeutic effect
demonstrated in a reduced tumor growth in mice treated with the Mrc1.IFNa..miRT LV.
The therapeutic efficiency is evident for all doses tested in the range between 3*10’ TU
up to 3*108 TU per mouse. Indeed, we observed a complete response in up to 50 % of
treated animals. In general, the therapeutic efficiency seems to be enhanced in the AKTPF
organoid tumor model. There are several reasons that can explain this observation. First,
the MC38 cell-based tumor model leads to the development of a single bulky metastasis
while the AKTPF organoid tumor model is characterized by the presence of multifocal
metastasis of smaller size. Therefore, the border area is strongly increased in the AKTPF
organoid tumor model in comparison to the cumulative tumor volume. The
biodistribution studies have shown that the peritumoral area is the main area of IFNa
expression and is most likely the site of initiation of an antitumor immune reaction.
Furthermore, we observed an increased amount of transgene expressing cells in the TME
of AKTPF organoid-derived tumors compared to MC38 cell-derived tumors. Therefore,
the IFNo delivery to LMS may be more efficient in the AKTPF organoid tumor model.
Moreover, AKTPF organoid-derived tumors show a more differentiated TME including

tumor gland formation, necrotic areas and infiltration of immune cells while MC38 cell-
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derived tumors appear to be less structured and more like a cellular mass. One might
speculate that the presence of a distinct tumor microenvironment might favor the immune
activating effect of IFNa. Indeed, the reprogramming of the TME towards an immune
stimulating state appears to be more evident in the AKTPF organoid-based tumor model.
Importantly, as previously demonstrated, the AKTPF organoid tumor model closely
recapitulates the human disease, more than the MC38-based tumor model. Therefore, we
can speculate that the therapeutic effect observed in the MC38-based tumor model is
rather underestimating the clinical potential while results obtained from the AKTPF
organoid tumor model more accurately predicts the clinical potential as well as the

mechanistic.

In line with the more efficient IFNa delivery in AKTPF organoid tumor model, we
observed an increase in expression of IFNa responsive genes only in AKTPF organoid-
derived tumors but not in MC38-based tumors. However, baseline expression especially
of Ifitl and Oasla in MC38 tumors was highly increased compared to liver, spleen and
AKTPF tumors. The expression of the IFNa. receptor appears unaltered between both
tumor models, which excludes potential differences in the capability of sensing IFNa.
This suggests that there is an intrinsic IFNa signaling program activated in MC38 cell
tumors, which is less evident in AKTPF organoid-derived tumors. As additional supply
of IFNa still leads to a beneficial effect in the MC38 cell tumor model, the intrinsic IFNo
signaling program is most likely independent from the presence of IFNa in the TME but
rather triggered by a dysregulation of intrinsic signaling cascades such as the cGAS-
STING or MAVS pathway, which both act through NF«kb (Schneider et al, 2014). The
role of the cGAS-STING pathway in cancer cells has been described as ambivalent. While
CGAS-STING pathway activation can lead to the expression of IFNa which exerts an
anti-tumoral role, chronic stimulation of the cGAS-STING pathway has been reported to
induce inflammation-driven carcinogenesis (Khoo & Chen, 2018). Indeed, tumors with
high and chronic intrinsic IFNa signaling have been described to be more prone to
resistance to checkpoint inhibitor treatment through upregulation of PDL-1 expression on
the surface of cancer cells (Budhwani et al, 2018). However, more detailed analysis
focusing on this aspect are required to proof this hypothesis. Importantly, these resistance

mechanisms appear to be dependent on cancer cell intrinsic IFNa signaling and not
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necessarily dependent on the presence of IFNa in the TME. Evidently, the beneficial

effect of IFNo delivery clearly exceeds the potential triggering of these resistance

mechanisms.

The remodeling of the TME towards an immune activating state is evident in both
tumor models. We observed increased CD8 T cell infiltration and polarization of tumor-
associated macrophages towards an antitumoral M1-like phenotype, two characteristics
which are commonly seen as positive prognostic markers (Brummelman et al, 2018; Lin
et al, 2019; Peng et al, 2019; Lalos et al, 2021). However, to predict potential
improvements of the therapy and to evaluate the possibility of synergistic effects for
prospective combinatory treatment approaches such as a combination of the
Mrcl.IFNa.miRT LV with CAR or TCR-engineered T cells or Immune checkpoint
inhibitors, more detailed in the mechanistic function of the treatment is required. To that
end, we focused on the AKTPF organoid tumor model for further mechanistic
characterization as the predictive accuracy for clinical translation of this tumor model is
increased. For that purpose, we analyzed control-treated, treatment resistant and partial
responding mice. Of note, analysis of liver metastases from complete responding mice
was not possible due to the absence of tumors. Therefore, the presented results may

underestimate the effect present in complete responding mice.

In this work we aim at targeting not only the TME in general, but especially the
immune privileged niche at the interface between tumor and parenchymal tissue, the
peritumor area (Brick et al, 2021). To further support the importance of the peritumor
area as well as investigate the effects of the treatment in a spatially resolved manner we
performed spatial transcriptomic analysis. To enable integrative analysis and comparison
between the different treatment cohorts, we developed an unbiased method to divide the
tissue sections into eight areas dependent on their location relative to the tumor-liver
interface. Accordingly, we observed enrichment of tumor specific pathways in zones
inside the tumor and liver related pathways in the hepatic area for all treatment cohorts.
This confirms the accuracy of the method to divide the sections into zones as well as
further proves the value of the AKTPF organoid tumor model. The division between
tumor area and hepatic area appears very sharp in control animals. In Mrcl.IFNo.miRT

LV-treated animals, especially in treatment responsive mice, the division is less sharp
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hinting on an enlargement of the immune privileged peritumoral area. This is especially
evident looking at inflammatory responses. Furthermore, we observed an increased
antigen presentation in the areas surrounding the tumor boarder, confirming the
importance of the peritumoral area for the establishment of antitumor immune reactions.
In line with expectations, we observed an enrichment of IFNo responses in the entire

tissue of treated animals.

Single cell transcriptomic analysis confirms a treatment-related effect in all cellular
compartments of the tumor infiltrate represented by the enrichment in IFNo response.
Accordingly, the increased IFNa reshapes all immune cell compartments in the TME.
Reprogramming is especially evident in the TAM compartment, in which TAMs of
Mrcl.IFNa.miRT LV-treated animals appear transcriptionally distinct to those of
untreated animals and characterized by increased antigen presentation and immune
activation signatures. Importantly, they are enhanced in secretion of immune related
cytokines. Strong reshaping of the macrophage compartment is in line with the high
plasticity of macrophages and their capability to respond to external stimuli including
IFNo (Squadrito et al, 2012; Cilenti et al, 2021). Furthermore, the cell types that are
highly active in antigen presentations such as MonoDCs and cDCs are enriched in their
number in the tumor microenvironment of treatment responsive animals. Several studies
have shown that the polarization state of TAMSs highly impact the overall state of the
TME and therefore the appearance of antitumoral immune reactions (Yang et al, 2020).
The increased antigen presentation in TAMs and APCs in general in combination with
the expression of immune activating cytokines and chemokines and the increased levels
of IFNa may then trigger T cell responses and enable increased infiltration and improved
function of T and NK cells. Fittingly, we observed not only an increased CD8 T cell
infiltration but also an improved effector function in the T and NK cell compartment in
general and in CD8 T cell compartment in particular. One might think that the strong
immunologic stimulus that T cells experience in the TME due to the high levels of IFNa
might lead to overactivation and exhaustion of CD8 T cells. However, we observe the
opposite, Mrcl.IFNa.miRT LV responsive mice showed a decreased exhaustion profile
in the CD8 T cells compartment. Furthermore, we observe a unique population of CD8

effector T cells in treatment responding mice. Based on the increased expression of Rora
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and Tnf they seem to be characterized by a high mobility and effector function.
Experiments in the presence of a surrogate tumor antigen have confirmed that
Mrcl.IFNa.miRT LV treatment triggers an accumulation of tumor specific CD8 T cells
in the TME. Based on that finding, one may speculate whether these CD8 T effector cells
are indeed tumor reactive T cells. However, further phenotypic characterization of this
population is required to confirm this hypothesis. Furthermore, we observed at least a
partial systemic protection from secondary subcutaneous tumor growth with matched
tumor cells in mice that rejected the tumor after primary LMS challenge after treatment.
This suggests the establishment of a systemic antigen specific immunity against the tumor
cells. The appearance of a delayed tumor growth in one of the three rechallenged complete
responder mice may be explained by immune escape mechanisms. MC38 cells are
microsatellite instable and therefore subject to rapid accumulation of mutations. Loss of
antigen as resistance mechanism to an antigen specific immunity may therefore be
favored in these cells. It has to be taken into account that there were still elevated levels
of IFNa in the plasma of the complete responder mice and an antitumoral effect
manifested by delayed tumor growth due to IFNa cannot be excluded. However, the
observed protection from secondary tumor growth in the complete responder mice clearly

exceeds the expected effect of IFNa on the tumor growth.

In all therapeutic experiments, we observe a fraction of mice which appears refractory
to the treatment with Mrc1.IFNoa..miRT LV and display a tumor volume similar to control
animals. Indeed, this observation has been made in the context with other IFNa-based
treatment approaches as well (Escobar et al, 2018, 2014b). However, the mechanism
driving the resistance to IFNa-based treatments remain unclear. To shed light on what
determines the responsiveness to the treatment we included treatment resistant mice in
this analysis. The most evident characteristic of the TME from treatment resistant mice
is the accumulation of Tr1-like cells. Trl cells are induced in vitro upon TCR engagement
in the presence of IL10 and IFNa. IFNo is highly abundant in the TME of
Mrcl.IFNa.miRT LV treated mice. IL10 is a cytokine, which plays a major role in the
establishment of the immunosuppressive niche in the liver. Furthermore, the spatial
transcriptomic analysis as well as the GSEA on the APC compartment reveals an

upregulated IL10 response specifically in resistant mice hinting towards increased levels
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of IL10 in the TME of resistant mice. The source of IL10 in this setting remains to be
identified. However, it is evident that all the signals required for induction of Trl cells
are present in the TME of resistant mice. While the polarization of CD4 T cells towards
Trl cells is described as antigen specific, the effect is mainly antigen independent. Indeed,
Trl cells exert their immunoinhibitory function mainly by the secretion of IL10 and Tgfb
(Levings et al, 2002). This establishes a positive feedback loop for the polarization of
CD4 T cells towards a Trl-like phenotype. The increased levels of IL10 induce a
reduction of antigen presentation in APCs. Indeed, we observe a reduced antigen
presentation in the APC compartment of treatment resistant compared to responder mice.
Indeed, the APC compartment of resistant mice is characterized by an M2-like phenotype,
which may be induced by the increased levels of IL10. Furthermore, Tr1 cells have been
reported to kill APCs in an antigen specific manner by the secretion of granzyme B and
perforin upon TCR-MHCI|I interaction (Solé & Santamaria, 2021; Gruarin et al, 2019).
Accordingly, we saw reduced amounts MoDCs and cDCs in the TME of resistant mice
compared to responding mice. Similarly, we observed reduced effector functions and
strongly increased exhaustion in the CD8 T cell compartment in resistant mice, two
characteristics which were described in the context of IL10 secreting Tr1 cells (Blackburn
& Wherry, 2007; Levings et al, 2002). Therefore, we did not only confirm the presence
of an environment favoring Trl cell development in this setting and the presence of Tr1-
like cells in the TME of resistant mice, but also observed the tolerogenic effects
commonly correlated with Trl cells. Therefore, there is strong evidence that Trl cells
play a central role in the resistance mechanism to the Mrcl.IFNa.miRT LV treatment.
Whether this is a resistance mechanism specific for this setting or a universal concept for
treatment resistance in immunotherapies that establish IFNa.-based responses remains to
be elucidated. However, recent work of the group of Max Pagani and coworkers
underlines the importance of Trl cells in the TME of different tumor types as negative

prognostic factor in general (Bonnal et al, 2021).

Taken together, we hypothesis a mode of action in which the APC compartment in the
TME gets reshaped by the presence of IFNa which in turn triggers CD8 T cell responses
by the secretion of proinflammatory cytokines and the increased antigen presentation
especially in the peritumor area. In this stage, an antitumor immune reaction can be

established. However, the presence of IFNa and IL10 in the TME, triggers the induction
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and accumulation of Trl-like cells. These, in turn, suppress the establishment and the
effectiveness of antitumoral T cell responses, hence, establishing resistance against the
Mrcl.IFNa.miRT LV treatment as well as tumor tolerance in general. To proof this
hypothesis, we will have to perform further studies in which Tr1-like cell development is
either forced or inhibited to confirm the Trl cells are indeed the major discriminant

between treatment response and resistance.

It remains to be investigated what determines the outcome in individual mice. Of note,
no differences in the levels of IFNa in the plasma or the induction of IFNa responses in
the TME were observed comparing responding and resistant mice. We speculate that the
discriminant between responding mice and resistant mice is the stochastic appearance of
tumor specific CD8 T cell clones. If there is a strong induction of a CD8 T cell response
prior to the appearance of Trl-like cells, an antitumor immune reaction may be
established and the tumor will be rejected. After the appearance of significant numbers
of Trl-like cells, antitumor immune reactions will be suppressed due to their tolerogenic

function.

Based on this hypothesis, we would expect a strong synergistic effect when combining
the Mrcl.IFNa.miRT LV treatment with the transplantation of tumor specific T cell
products such CAR T cells or TCR engineered T cells. This would provide an immediate
source for tumor reactive CD8 T cell responses prior to the induction of Trl like cells.
Furthermore, the observation of increased CD8 T cell infiltration in LMS of treated
animals further suggests this combinatory approach. However, it is unclear if such tumor
reactive T cell products could give rise to Trl cells as well. Furthermore, blockage of
IL10 signaling by the application of IL10-receptor directed antibodies, which are
currently under clinical investigation, might prevent the induction of Trl-like cells. In
general, the strong reshaping of the TME towards an immunostimulatory state enables
antitumoral immune reactions thus increasing the effectiveness of immunotherapy, which

so far has shown little success for the treatment of CRC-LMS patients which.

Collectively, we developed a new gene therapy tool for therapeutic intervention in
patients with CRC LMS. The good safety profile and strong therapeutic effect upon a
single well tolerated injection proof its applicability and suggest Mrcl.IFNa.miRT LV

treatment as a strong candidate for clinical translation. Further testing of combinatory
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treatment approaches will be necessary to identify its full therapeutic potential.
Furthermore, we identified a new Trl cell-based mechanism, which induces tumor
tolerance and treatment resistance potentially not only in the setting of Mrc1.IFNo..miRT
LV treatment but also in other immunotherapies triggering IFNa. responses. Furthermore,

the scRNA-seq data as well as the spatial transcriptomic data produced in this work may

provide a rich source of information for further studies.

125



5 Material and Methods
5.1 Molecular Biology

5.1.1 Plasmid design, cloning and amplification
The Mrcl.GFP LV transfer vector plasmid (unpublished), the PGK.GFP LV transfer
vector plasmid (Genovese et al, 2014) as well as the empty mirT reporter (No moRT) LV

transfer vector plasmid (Amendola et al, 2005) were already present in the lab.

To originate the miRT 122 LV, miRT 126 LV and miRT451 we cloned four copies of
the indicated miRT sequences, respectively, with randomized linker sequences separating
the single miRT sites were inserted downstream to the WPRE sequence. The
Mrcl.GFP.mirT LV was created by inserting four copies of the miRT 122 and the miRT
126 with randomized linker sequences downstream to the WPRE of the Mrcl1.GFP LV
transfer vector plasmid. The Mrcl.IFNa.miRT LV transfer vector plasmid was created
by replacing the GFP sequence of the Mrc1.GFP LV transfer vector plasmid with an IFNa.
encoding sequence and inserting four copies of the miRT 122 and the miRT 126 with
randomized linker sequences downstream to the WPRE. The ORFless LV transfer vector
plasmid was generated by depleting the GFP sequence of the Mrcl.GFP LV transfer
vector plasmid followed by insertion of 4 copies of the miRT 122 and the miRT 126 with

randomized linker sequences downstream to the WPRE.

Ligation products were transformed in bacteria by adding about 100 ng of ligation
product to 50 uL of competent bacteria (Top10 cells/Invitrogen). The retransformation
mix was carefully mixed, incubated for 30 minutes on ice, transferred to 42 °C for 30
seconds followed by two additional minutes incubation on ice. 500 pL of Luria-Bertani
(LB) medium was add and incubated for 1h at 37 °C. Bacteria were plated onto LB agar
plates containing 100 ug/mL ampicillin and incubated over night at 37 °C. Afterwards,
single colonies were picked and transferred into 5 mL LB medium containing 100 pg/mL
of carbenicillin and incubated at for at least 12 h at 37 °C shaking at 180 rotations per
minute (rpm). DNA was extracted from 3 mL of the bacteria culture using the Wizard®
Plus SV Minipreps DNA Purification System kit (Promega/A1330).

Plasmids derived from different clones were screened by analytical digest as well as

sangar sequencing to confirm correctness of the sequence.
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The following restriction enzymes were used:

Table 2: Restriction enzymes.

Restriction enzyme Provider Catalogue number
Smal New England Biolabs R0141S
Sall-HF New England Biolabs R3138S
Agel-HF New England Biolabs R3552S
Ncol-HF New England Biolabs R3193
Kpnl-HF New England Biolabs R3142
Pmel New England Biolabs R0560
Xbal New England Biolabs R0145
Scal New England Biolabs R3122
Agel-HF New England Biolabs R3552L

To further amplify the plasmids, the remaining 2 mL of the bacteria culture from
clones containing plasmids with the correct sequence were used to inoculate 500 mL of
LB medium containing 100 ug/mL of carbenicillin. This was incubated over night at 37
°C shaking at 180 rpm. DNA extraction was performed using Nucleobond® Xtra Maxi
EF (Macherey- Nagel/ 740424.50). The plasmid was resuspended in endotoxin-free
water.

5.2 Cell culture
5.2.1 Human embryonic kidney 293T (HEK-293T) cells

HEK cells were cultured in adherent cell culture at 37 °C at a density of 20-90 %
confluency in Iscove’s Modification of Dulbecco’s Modified Eagle Medium (IMDM)
medium (Conring/ 10-016-CV) supplemented with 10 % fetal bovine serum (FBS;
HyClone™/ SH30066.03), penicillin (100 IU/mL) and streptomycin (100 pg/mL). For
splitting, the medium was removed, cells were washed with Phosphate Buffered Saline
(PBS; Corning/ 21-031-CVR), detached using a solution of 0.05% trypsin and EDTA
(4mM) in PBS (ATV), resuspended in fresh medium and transferred into a new plate.
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5.2.2 MC38cells

The murine colorectal cancer cell line MC38 cells were cultured in the same way as
described for HEK-293T cells. For generation of the MC38-mCherry cells, MC38 cells
were transduced with an LV conveying a sequence encoding a fusion protein of the CD81
transmembrane with mCherry fused to its C terminus under the control of a PGK
promotor. Similarly, MC38 cells were transduced with an LV conveying the sequence of
chicken ovalbumin (OVA) under the control of a PGK promotor. For that purpose,
200000 MC38 cells were plated into a six-well plate. For the generation of the MC38-
mCherry cells, a mixture of 50 % fresh medium and 50 % unconcentrated LV stock was
added. Seven days after transduction, mCherry expression was determined by
flowcytometry, identifying 99.97 % mCherry positive cells. For the generation of MC38-
OVA cells, 0.1 uL of concentrated vector stock was added to 1 mL of culture medium.

Ten days after transduction, DNA was extracted and a VCN of 2.86 was detected.

5.2.3 AKTPF Organoids

AKTPF-Organoids were cultured at 37 °C in 30 uL of phenol-red free and growth
factor reduced matrigel (BD Biosciences/ 356231) in a 48-well surrounded by 300 uL
Advanced DMEM/F-12 medium supplemented with 2 % GlutaMAX™ Supplement
(Gibco/ A1286001), penicillin (100 1U/mL), streptomycin (100 pug/mL), 1 % Hepes
buffer solution (Gibco/ 15630056), 1 % N-2 supplement (Gibco/ 17502-048), 2 % B-27
supplement (Gibco/ 12587-010), 1 mM N-acetylcysteine- (Sigma-Aldrich/ A9165) and
50 ng/mL murine epidermal growth factor (rmEGF; Gibco/ PMG8041). For splitting, the
medium was removed and 500 uL ice-cold cell recovery solution (Corning/ 354253) was
added and carefully pipetted. The mix was incubated on ice for 20 minutes. Cells were
pelleted by centrifuging at 4 °C and 300 xg for 6 minutes. The supernatant was removed,
and the cells were washed and signalized by pipetting with 30 mL of ice-cold PBS. Cells
were pelleted by centrifuging at 4 °C and 300 xg for 6 minutes, the supernatant was
removed, and the cells were resuspended in fresh matrigel. New droplets were placed in
the center of 48 wells and placed to 37 °C for 15 minutes to allow the matrigel to solidify.

Afterwards, the matrigel droplet was covered with 300 uL of fresh medium.
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5.2.4 Bone marrow derived macrophages

Bone marrow was harvested from C57BI6 mice by flashing the femur and tibia with
10 mL autoMACS running buffer (Miltenyi Biotec/ 130-091-221). Bone marrow cells
were pelleted by centrifuging at room temperature (RT) and 1500 rpm for 5 minutes. For
red blood cell lysis, 1 mL of desalt water was added to the cell pellet and 50 mL
autoMACS running buffer were added. Cells were pelleted by centrifuging at room
temperature and 1500 rpm for 5 minutes. The cell pellet was resuspended in RPMI
medium (Corning/ 15-040-CV) supplemented with 10 % FBS, 2 % GlutaMAX™
Supplement (Gibco/ A1286001), penicillin (100 IU/mL), streptomycin (100 png/mL) and
100 ng/mL of Mouse M-CSF (Miltenyi Biotec/ 130-101-704). After seven days, cells
were differentiated into bone marrow derived macrophages (BMDM).

For transduction, 1*10"6 BMDMs were seeded into a 24 well plate and transduced
with the indicated vector at an MOI of ten. The following day, fresh medium was added
containing the required cytokines in the culture medium inducing polarization. For M2-
polarisation: 50 ng/mL of mouse IL-4 (Miltenyi / 130-097-757) and for M1-polarisation:
100 ng of lipopolysaccharides from Escherichia coli O55:B5 (LPS; Sigma-Aldrich/
L6529-1MG) and 5 ng/mL of mouse IFNy (Miltenyi/ 130-105-778). Six days after

induction of polarization, FACS analysis was performed using the following antibodies:

Table 3: Antibodies used for flow cytometry analysis

Antibody Supplier Catalogue No.
CD206(MRC1) Biolegend 141712
CD11b Biolegend 101224
CD274 (PD-L1) Biolegend 124308
F4/80 Biolegend 123118
CD16/CD32 (Fc Block) BD Pharmagen 553142

5.2.5 LV-Production

5.2.5.1 Plasmids used for LV production
In this study, third-generation VSV-G pseudotyped LVs were used. Production of these
LVs was based on the transfection of five plasmids into HEK-293T cells. The

pMDLg/pRRE encoding for the enzymes and proteins necessary for the vector core (gag
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and pol genes of the HIV-1) plus the RRE which is required for export of the viral MRNA
from the nucleus. The pCMV-Rev encodes for rev under the control of a CMV promotor.
pMD2.VSV-G encodes for the VSV glycoprotein also under the control of a CMV
promotor. The transfer vector plasmid contains the transfer vector sequence including the
transgene cassette flanked by the HIV-1 derived minimal sequence required for
encapsulation into the LV particles, reverse transcription, nuclear import and integration
into the host genome. The pAdVantage™ vector (Promega/ E1711) inducing enhanced

protein expression in transfected cells.

5.2.5.2 Calcium phosphate transfection

For LV production about 9*10° cells were plated into 15-cm dish 24 hours prior to
transfection. A medium exchange was performed two hours before transfection to a final
volume of 20 mL. For each plate a transfection reaction mix was prepared containing the
pPMDLg/pRRE (12.5 pg), pPCMV-Rev (6.25 ng), pMD2.VSV-G (9 ng), transfer vector
plasmid (36 pg) and pAdVantage™ vector (15 pg) in a mix of 0.1x TE and water at a
ratio of 1:2 to a final volume of 1125 uL. 125 mL of a 2.5M CacCl; solution in water was
added and the solution was mixed for 15 minutes using a spinning wheel. Immediately
before transfection, 1250 pul of a 2X HBS solution (281 mM NaCl, 100 mM HEPES, 1.5
mM Na2HPO4, pH 7.12) was added dropwise to the transfection reaction mix while
vertexing at an intermediate speed. The reaction mix was immediately added to the cell
culture medium. The medium was exchanged 14 to 16 hours after transfection to a final
volume of 16 mL per plate. 30 hours later the supernatant was collected and filtered using
a 0.22 um filter. If not indicated differently, concentrated LV stocks have been used in
this project. For that purpose, the LV was centrifuged at 20000 xg for 2 hours at 20 °C.
The supernatant was discarded and the LV pellet was resuspended in PBS for a 500X

concentration. The LV stocks were aliquoted and stored at -80 °C.

5.2.5.3 Titration

The titer of the LV stocks was assessed by determination of the concentration of HEK
293T cell-transducing units (TU/mL). For that purpose, 200000 HEK 293T cells were
seeded into a six-well plate. A serial dilution in medium of the concentrated vector stock
was prepared with a factor 10, ranging from 1/1073 till 1/1077. 1 mL of the respective

dilution was added on each well in the presence of the transduction enhancer polybrene
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at a concentration of 16 ug/mL. The following day the medium was exchanged with
normal medium. Transduction efficiency was assessed by ddPCR-based VCN
determination. The titer was calculated based on the calculation:

200000
dilution factor’

Titer [%] = VCN *

5.3 ddPCR for vector copy determination and gene expression analysis

5.3.1 Vector copy number determination

From cell culture samples genomic DNA was extracted using with the Maxwell®
16 instrument (Promega) using the Maxwell® 16 DNA purification kit (Promega/
AS1030). For samples with a low cell number such as sorted cells the QlAamp® DNA
micro kit (Qiagen/ 56304) was used while genomic DNA from whole tissue samples was
extracted with the DNeasy Blood and Tissue Kit (Qiagen/ 69506). VCN was determined
using the QX200 Droplet Digital PCR System (Biorad). The digital droplet PCR was
performed according to the manufacturer’s instructions; 5-20 ng of genomic DNA was
added to the reaction, primers were used at a concentration of 900nM and the detection
probes at 250 nM. Droplets were analyzed using the BioRad QX200 Droplet Reader and
the QuantaSoft software (Biorad) was used for data analysis. For the detection of HIV
genomes, the following primer and probe set was used: forward primer: 5°-
TACTGACGCTCTCGACC -3’; reverse primer: 5°>-TCTCGACGCAGGACTCG -3’;
probe in the FAM detection channel: 5’-(FAM)-ATCTCTCTCCTTCTAGCCTC-
(MGB)-3". As normalizer for murine samples the Sema3a gene was used: forward primer:
5’-ACCGATTCCAGATGATTGGC -3’ reverse primer: 5’-
TCCATATTAATGCAGTGCTTG -3’; detection probe in Hex channel: 5’-(HEX)-
AGAGGCCTGTCCTGCAGCTCATGG —(BHQ-1)- 3°. For human samples, instead, the
GapDH gene was used as normalizer (TagMan™ Gene Expression Assay from
Invitrogen; catalogue number: 4400291; Assay number: Hs00894322_cn). VCN was

calculated by the formular:

VON = concentration(HIV)
~ concentration(Normalizer)
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5.3.2 Gene expression

Gene expression analysis was performed based on digital droplet PCR as previously
described as well. For that purpose, RNA was extracted from frozen tissue using the
RNeasy® Plus Mini Kit (Qiagen/ 74134). Retro transcription was performed according
to manufacturer’s instruction with the SuperScriptTM IV VILO (Invitrogen/ 11766500).
5-20 ng of generated cDNA was used as input for the gene expression analysis.
TagMan™ Gene Expression Assay from Invitrogen were used. The following

primer/probe pairs were applied:

Table 4: TagMan™ Gene Expression Assays used in this project.

Target Detection channel Reference number Catalogue
number
Hprt VIC 4448491 MmO03024075_m1
Irf7 FAM 4331182 MmO00516788_m1
Ifitl FAM 4331182 MmO00515153 m1
Oasla FAM 4331182 MmO00836412_m1
Ifnarl FAM 4331182 MmO00439544 m1
Ifnar2 FAM 4331182 MmO00494916_m1

5.4 Flow cytometry analysis and fluorescence activated cell sorting

For flow cytometry analysis, cells from cell culture or tissues processed for flow
cytometry analysis were incubated in 100 puL autoMACS running buffer containing the
indicated antibodies at the indicated concentrations for 15 minutes on ice. Afterwards
cells were washed twice by addition of autoMACS running buffer followed by
centrifugation at 1500 rpm for 5 minutes and discarding of the supernatant. Then, cells
were resuspended in 200 uL autoMACS running buffer containing a 1:50 dilution of
7AAD (BioLegend/ 420404). Samples were analyzed using either a FACSCanto 1l or a
FACSymphony™ A5 Cell Analyzer (BDBiosciences). For fluorescence activated cell
sorting a BD FACSAria Fusion was used.
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5.5 In-vivo methods

5.5.1 Mouse strains
Female 6-week-old C57BI/6N mice, NUDE mice or NSG mice were purchased from
Charles River Laboratory.

5.5.2 LV Injection
For systemic LV injection, LVs were diluted in PBS to obtain the desired TU to be
injected per mouse in a volume of 250 uL. Mice were warmed up and the LV was injected

by tail vein injection.

5.5.3 Intrahepatic injection of MC38 cells

For intrahepatic transplantation of MC38 cells, the fur of mice was removed in the
stomach area one day prior to the surgical procedure by shaving followed by application
of hair removal cream (Balea). Immediately prior to surgery, mice were injected with 50
uL carprofen (2.5 mg/mL) for pain treatment. During surgery, mice were anesthetized
using isoflurane (Iso-Vet) at a concentration of about 3 % in about 95 % to 98 % oxygen.
A liver lobule was exposed by with a ventral cut up to the sternum opening the
peritoneum. Either 500000 cells (MC38-mCherry and MC38-OVA) or 100000 cells
(MC38-WT) resuspended in a volume of 5 uL. PBS were injected localized into the liver
lobule. The peritoneum wall was closed by stiches while the skin was closed with clamps.
Following surgery, mice were subjected to antibiotic treatment for one week by adding

Baytril (Bayer) at a concentration of 0.5 mg/mL to the drinking water.

5.5.4 Subcutaneous injection of MC38 cells

For subcutaneous MC38-WT cell injection, 1*10° cells were injected in
subcutaneously into the flank of mice in a volume of 100 uL PBS. Tumor growth was
followed by measuring the dimensions (diameter x and diameter y) and tumor volume

was calculated with the formula:

3
Volume = 75T (0.5 diameter(x))2 * 0.5 * diameter(y))

in which diameter(x) is the larger diameter.
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5.5.5 Intrasplenic injection of AKTPF organoids

Intrasplenic transplantation of AKTPF organoids is based on a surgical procedure
similarly to the intrahepatic injection. Organoids were split two days prior to the injection
and an equivalent of organoids from three wells was injected per mouse which
corresponds to an estimate of 3-4*10° cells. One day prior to the surgery, the fur of the
mice was removed at the left flank of the mice by shaving followed by application of hair
removal cream (Balea). Immediately prior to surgery, mice were injected with 50 uL
carprofen (2.5 mg/mL) for pain treatment. Similar to the previously described procedure
of intrasplenic injection, isoflurane (Iso-Vet) at a concentration of about 3 % in about 95
% to 98 % oxygen was used to anesthetize the mice during surgery. With a cut at left
flank of the mice below the rib cage, the spleen was exposed. AKTPF-organoid cells
were, resuspended in 50 uL matrigel (BD Biosciences/ 356231) and carefully injected
into the spleen using a precooled syringe (29 G, U-100 INSULIN 0.5 mL/324892). The
peritoneum wall was closed by stiches while the skin was closed with clamps. Following
surgery, mice were subjected to antibiotic treatment for one week by adding Baytril

(Bayer) at a concentration of 0.5 mg/mL to the drinking water.

5.5.6 Blood collection and analysis
Blood was retrieved either from the tail vein or retroorbital. Hemocytometer analysis
was performed on whole blood using the ProCyte DXTM (IDEXX).

For flow cytometry analysis, in contrast to the procedure described above, the
antibodies were directly added at the indicated concentrations to 70 uL blood and
incubated at 15 min protected from light on ice. Afterwards, 2 mL of Red Blood Cell
Lysis Buffer Hybri-Max™ (Sigma/R7757-100ML) was added and vortexed briefly. This
was incubated for 10 minutes in the dark. Afterwards cells were washed twice by addition
of autoMACS running buffer followed by centrifugation at 1500 rpm for 5 minutes and
discarding of the supernatant. Then, cells were resuspended in 200 uL autoMACS
running buffer containing a 1:50 dilution of 7AAD (BioLegend/ 420404). Samples were
analyzed using the FACSymphony™ A5 Cell Analyzer (BDBiosciences). The following
antibodies were used for blood analysis:

134



Table 5: Flow cytometry antibodies used for blood analysis.

Target Color
CD11b Pacific Blue
CD11b Brilliant Violet
711
CD206(MRC1)  Alexa Fluor
647
CD223 PE
(LAG3)
CD279 (PD1) PE/Cy7
CD4 BUV737
CD44 BV605
CD45 Brilliant Violet
510
CD45R/B220 APC/Cy7
CD8a FITC
Gr-1 APC
(Ly6G7LYy6C)
LY6C eFluor 450
Ly6G PE/Cy7

Dilution

1/70
1/70

1/70

1/70

1/70

1/70

1/70

1/140

1/70
1/140

1/140

1/70
1/70

Provider

Biolegend
Biolegend

Biolegend

BD

BioLegend
BD Horizon
BD
Biolegend

Biolegend
BD
Pharmagen

Biosciences

eBioscience

Biolegend

Article
number
101224
101242

141712

552380

135216

564933

563058

103138

103224
553030

553129

48-5932-82
127618

Furthermore, plasma and serum were collected. For the collection of plasma, blood

was collected initially collected in a Microvette® (Sarstedt/20.1341). The blood was

centrifuged at 3000 xg for 10 minutes at room temperature and the fraction of clear

supernatant was collected. For the collection of blood serum, blood was collected in a

conventional Eppendorf tube. The blood was incubated at room temperature for 40

minutes. Afterwards, the blood was centrifuged at 3000 xg for ten minutes at room

temperature and the fraction of clear supernatant was collected.
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Quantification of IFNa content in the blood was performed on plasma. For that
purpose, the plasma was diluted at an appropriate factor between 10-fold and 50-fold and
the Mouse IFN Alpha All Subtypes ELISA KIT High Sensitivity (pbl Assay Science/

42115-1) was used according to manufacturer’s instruction.

The quantification of autoreactive antibodies was performed on blood serum and was
performed by the UTSW Microarray Core facility (University of Texas, Southwestern
Medical Center).

5.5.7 Magnetic resonance imaging analysis for liver metastasis volume assessment

For magnetic resonance imaging a 7T preclinical scanner (Bruker, BioSpec 70/30
USR, Paravision 6.0.1), equipped with 450/675 mT/m gradients (slew-rate: 3400-
4500T/m/s; rise-time 140pus) and a circular polarized mouse body volume coil with an
inner diameter of 40 mm was used. During acquisition, mice were kept in anesthesia by
inhaling isoflurane (Iso-Vet) at a concentration of about 3 % in about 95 % to 98 %
oxygen and mice were placed on a dedicated temperature control apparatus to prevent
hypothermia. The breathing rate and the body temperature was continuously monitored
(SA Instruments, Inc., Stony Brook, NY, USA). To display liver lesion, we used a
hepatocyte-specific contrast agent, the Gd-EOB-DTPA (Bayer Schering Pharma, Berlin,
Germany) known as gadoxetic acid (0.05 pmol/g of body weight). Axial fat-saturated T2-
weighted images (RARE-T2, Rapid Acquisition with Relaxation Enhancement, TR =
3000 ms, TE =40 ms, voxel-size = 0.125 x 0.100 x 0.8 mm, averages = 4,) and axial fat-
saturated T1-weighted sequences (RARE-T1: TR =540 ms, TE = 7.2 ms, voxel size =
0.125 x 0.100 x 0.8 mm, averages = 4) were acquired during the hepatobiliary phase of
Gd- EOB-DTPA enhancement (10 minutes after administration). Volume measurement
was performed taking advantage of the Medical Image Processing, Analysis, and
Visualization software (MIPAV).

5.5.8 Endpoint analysis

For endpoint analysis, mice were euthanized by cervical dislocation. The liver was
perfused by injecting 10 mL PBS containing 5 mM EDTA (Invitrogen/ 15575-038)
through the central vein and cutting the portal vein to allow exiting of the solution to
achieve clearance from peripheral blood. When flow cytometry analysis but not

immunofluorescence analysis is performed, 10 mL of IMDM (Corning/ 10-016-CV)
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containing 0.35 mg/mL collagenase (Sigma-Aldrich/ C5138-16) was injected in the same
way to initiate digestion of cell-to-cell interactions. Required organs were collected.

5.5.9 Processing of organs for flow cytometry analysis

For flowcytometry analysis, organs were cut into small piece and one mL IMEM
(Conring/ 10-016-CV) supplemented with 0.35 mg/mL collagenase (Sigma-Aldrich/
C5138-16) was added. This was incubated at 37 °C while shaking at 350 rpm for ten
minutes. Afterwards, the tissue was further dissociated by pipetting and filtered using a
0.4 um cell strainer (Corning/ 352340). The cells were washed two times with autoMACS
running buffer and further processed for flow cytometry analysis as described above. The
following antibodies were used:
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Table 6: Antibodies used for flow cytometry analysis on murine organs.

Target

CD11b
CDl11lc
CD16/CD32
(Fc Block)
CD206(MRC1)
CD223
(LAG3)
CD24
CD271
(LNGFR)
CD274
(PD-L1)
CD279 (PD1)
CD31
CD31
CD4
CD44
CD45
CD45R/B220
CD45R/B220
CD45R/B220
CD62L
CD86
CD8a
F4/80
F4/80
F4/80
Ly6C
LY6C
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Color

Brilliant Violet 711

PE/Cy7

Alexa Fluor 647

BV421

BV605
APC

PE

PE/Cy7

Alexa Fluor 647

FITC
BUV737
BV605

Brilliant Violet 510

PE
PB
APC/Cy7
BV786
APC/Cy7
FITC
APC/Cy7
FITC
PE
APC/Cy7
eFluor 450

Dilution

1/200
1/100
1/100

1/100
1/100

1/100
1/10

1/100

1/100
1/100
1/100
1/100
1/100
1/100
1/100
1/100
1/100
1/100
1/100
1/100
1/100
1/100
1/100
1/100
1/100

Provider

Biolegend
Biolegend
BD Pharmagen

Biolegend
BioLegend

BioLegend
Miltenyi Biotec

Biolegend

BioLegend
Biolegend
eBioscience
BD Horizon
BD
Biolegend
Biosciences
BD Pharmagen
Biolegend
Biosciences
Biolegend
BD Pharmagen
Biolegend
Biolegend
Biolegend
BiolLegend

eBioscience

Article
number
101242
117318
553142

141712
125221

101827
130-113-418

124308

135216
102516
11-0311-82
564933
563058
103138
553090
558108
103224
564109
105030
553030
123118
123108
123110
128026
48-5932-82



Ly6G PE/Cy7 1/100 Biolegend 127618

LY6G BV605 1/100 Biosciences 563005
Ly6G BUV737 1/100 Biosciences 741813
MHCII Brilliant Violet 785  1/100 Biolegend 107645
TCRp BV711 1/100 Biosciences 563135

5.5.10 Processing of organs for IF analysis

For immune fluorescence, a piece of the respective organ was incubated in
paraformaldehyde solution 4 % in PBS (PFA; ChemCruz®/ SC281692) for 4 hours at
4 °C. Afterwards, the PFA was exchanged for a solution of 10% sucrose (Sigma-Aldrich/
S0389) and 0,02% NaN3 in H20. After an 8h incubation at room temperature, this was
exchanged for a 20% sucrose solution containing 0,02% NaN3 in H20. Finally, after
further 8 h of incubation at room temperature, the organ was transferred into a 30%
sucrose solution containing 0,02% NaN3 in H20 and incubated at 8 hours. The organ was
embedded into Killik, O.C.T. Compound embedding medium for cryostat (Bio-Optica/
05-9801). Sections of 20 mm thickness were prepared and placed on glass slides using a
cryostat. These sections dried for 30 minutes at room temperature. For antigen retrieval,
slides were incubated for 20 minutes in a 95 °C preheated water bath in the following
solution: for a low pH antigen retrieval: 10 mM citric acid in H20 pH adjusted to pH 6;
for high pH antigen retrieval: 10 mM Tris base and 1mM EDTA plus 0,05 % tween in
H20 with the pH adjusted to pH 9. Afterwards slides were cooled down in the indicated
solution of 15 minutes at room temperature and then slides were washed with PBS three
times by covering the glass slides completely and incubating for 5 minutes while mildly
shaking with an orbital shaker. Blocking was performed by covering the sections with
blocking buffer (5 % normal donkey serum, 1 % BSA (Sigma-Aldrich/ A9647), 0.3 %
TritonTM X-100 (Sigma/ T8787)). For staining with a primary antibody with mouse
origin, mouse on mouse lg blocking solution (Vector Laboratories/ MKB-2213) was
added according to manufacturer’s instruction. This was incubated for 1h at room
temperature and afterwards replaced by blocking buffer containing the indicated
concentrations of primary antibody for an overnight incubation at 4 °C. The following
day, the sections were washed with washing buffer (PBS containing 0.3 % TritonTM X-
100) for five times. Sections were stained with the secondary antibody by covering them

in their indicated concentrations in blocking buffer. An incubation for one hour at room
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temperature in the dark was performed followed by six washing steps with washing
buffer. For staining of the nuclei, sections were covered with a 1/2000 dilution of Hoechst
33342 solution (life technology/ H3570) in PBS for two minutes. Slides were washed
additional three times with PBS and mounted using Fluoromount-G® (SouthernBiotech/
0100-01). Images were acquired using an SP8 lightning confocal microscope (Leica
Microsystems) at a 10x magnification. The following antibody combinations of primary
and secondary antibodies were used:
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Table 7: Antibodies and antibody combinations used for immunofluorescence staining.

Pane

target
E-Cadhering
CD8a
CD4
E-Cadhering
a-SMA
CD31
E-Cadhering
F4/80
CD11c
E-Cadhering
F4/80
GFP
F4/80
mCherry
GFP
F4/80
GFP
F4/80

GFP

Clone
Polyclonal
4SM16
EPR1951
Polyclonal
1A4
Polyclonal
Polyclonal
Cl:A3-1
Polyclonal
Polyclonal
Cl:A3-1
Polyclonal
Cl:A3-1
Polyclonal
Polyclonal
Cl:A3-1
Polyclonal
Cl:A3-1

Polyclonal

Host

Goat

Rat

Rabbit

Goat

Mouse

Rabbit

Goat

Rat

Rabbit

Goat

Rat

Chicke

Rat

Rabbit

Chicke

Rat

Chicke

Rat

Chicke

Cat/Provider
AF748/R&D Systems
14-019-582/eBioscience
ab183685/abcam
AF748/R&D Systems
C6198-.2ML/Merck
ab28364/abcam
AF748/R&D Systems
ab6640/abcam
97585S/Cell signalling
AF748/R&D Systems
ab6640/abcam
abcam/ab13970
ab6640/abcam
ab167453/abcam
abcam/ab13970
ab6640/abcam
abcam/ab13970
ab6640/abcam

abcam/ab13970

Dilution

1/50

1/100

1/100

1/50

1/100

1/50

1/50

1/100

1/100

1/50

1/500

1/500

1/200

1/200

1/500

1/200

1/500

1/200

1/500

2nd AB
Donkey-aGoat
Donkey-aRat

Donkey-

Donkey-aGoat

Donkey-
Donkey-aGoat
Donkey-aRat
Donkey-
Donkey-aGoat
Donkey-aRat-
Donkey-
Goat-aRat
Goat-aRabbit
Goat-aChicken
Goat-aRat
Goat-aChicken
Goat-aRat

Goat-aChicken

Cat/Provider
A32849/Invitrogen
ab150154/abcam
A11010/invitrogen

A32849/Invitrogen

A11010/invitrogen
A32849/Invitrogen
ab150154/abcam
A11010/invitrogen
A32849/Invitrogen
A32849/Invitrogen
703-545-155/Jackson
A21247/Invitrogen
A11010/Invitrogen
A-11039/Invitrogen
A21247/Invitrogen
A-11039/Invitrogen
A21247/Invitrogen

A-11039/Invitrogen

label
AF647
AF555
AF488
AF647

Cy3
AF488
AF647
AF555
AF488
AF647

Tritc
AF488
AF647
AF546
AF488
AF647
AF488
AF647

AF488

Dilutio

1/300

1/300

1/300

1/300

1/300

1/300

1/300

1/300

1/00

1/500

1/500

1/500

1/500

1/500

1/500

1/500

1/500

1/1000

Retrieva

high pH

Low pH

none

none

none

none

none

Figure

Figure 13c
and 16e

Figure 13e

Figure 13d

Figure 14

Figure 6e

Figure 6d

Figure 5f
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5.5.11 Processing of organs for VCN and gene expression analysis
A small piece of the target organ was taken and frozen at -80 °C. Afterwards, it was

processed for VCN analysis as described above.

5.6 Single-cell RNA sequencing

5.6.1 Sample processing and fluorescence activated cell sorting

Immediately after euthanizing the mice and perfusion with PBS containing 5 mM
EDTA, liver metastases were isolated and dissociated into single cells as described above.
No antibody staining was performed, single cells were resuspended in autoMACS
running buffer containing 7AAD (BioLegend/ 420404) in a 1/50 dilution. Viable cells
were sorted based on the gating strategy depicted below (Figure 23). A minimum of

100000 cells per sample were sorted.
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Figure 23: Gating strategy for sorting of all viable cells processed for ScRNA-seq. P4 is the population which is
sorted.

5.6.2 Library preparation

Sorted cells were further processed for single-cell RNA sequencing. SCRNA-seq was
performed using the Next GEM Single Cell 3' GEM Kit v3.1 from Chromium 10X
according to manufacturer’s recommendation (User Guide Chromium Next GEM Single

Cell 3’ Reagent Kits v3.1/ CG000204). The target of cells loaded per sample was 10000.

5.6.3 scRNA-seq analysis
5.6.4 scRNA-seq analysis — data handling

Base call files obtained as result from the Illumina sequencing were converted into
FASTQ files and processed with the Cell Ranger Single-Cell Software Suite (10X
Chromium v3.1.0) using default setting. In details, the demultiplexed samples were
aligned against the murine mm10 reference genome employing the STAR aligner
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(producing alignment files in BAM format) and a UMI-count gene quantification was
performed (based on the reference annotation). This latter gene-by-cell matrix was then
imported into R and processed with the Seurat package (http://satijalab.org/seurat v4.0.3).
As a first step of the analyses, doublets were assessed using the DoubletFinder (v3)
software. More precisely, following the 'Best-Practices' suggested by the authors for
scCRNA-seq processing, the following parameters were selected to annotate doublets in

each sample:

Table 8: Parameters used for the DoubletFinder v3.

Sample Treatment group nEXp pK

Sample 3 Control 0.07 0.005
Sample 4 Resistant 0.09 0.005
Sample 7 Control 0.07 0.005
Sample 10 Partial Responder 0.09 0.01
Sample 11 Partial Responder 0.07 0.005
Sample 14 Resistant 0.09 0.005
Sample 19 Control 0.05 0.005
Sample 22 Partial Responder 0.09 0.2

Samples were merged into a single Seurat dataset, keeping the information about the
original sample as well as the corresponding treatment group. Then, the pre-processing
step on the produced data started by removing cells with a low sequencing quality, those
with a feature count below 1000 and above 6000, as well as cells with a fraction of
mitochondrial genes higher than 10 %. Afterwards, cells annotated as doublets with the
DoubletFinder were excluded as well from the analysis with Seurat. RNA UMI-counts
were normalized using a global-scaling normalization method and the Variance
Stabilizing Transformations (SCTransform) was performed to scale based on the
percentage of mitochondrial genes, the absolute count of RNAs in each cell, and the
difference between S and G2/M cell cycle scores computed for each cell. A principal
component analysis with 50 principal components (PCs) was performed for dimensional
reduction, and a UMAP-representation as well as clusters (with a resolution of 1.2) were
computed on those reductions. Marker genes for each cluster were obtained using the

FindAllIMarkers Seurat function, and consequently clusters were annotated as indicated
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in figure 17b as well as a small population of undefined cells (which was then removed
from the dataset). Analysis of the subclusters “T and NK cells” and “APCs” was
performed accordingly. First, T and NK cells were isolated using the subset function, then
SCTransform based on the RNA-count matrix was performed, followed by a principal
component analysis with 35 PCs, and cluster identification with a resolution of 0.8. At
this resolution, CD4 T cells, CD8 T cells, gd T cells, NK cells, ILCs and NKT cells were
identified, as well as a population of undefined cells. CD4, CD8 and NKT cells were
further refined by a sub-clustering. The number of PCs used for sub-clustering in NKT
cells, CD8 T cells and CD4 T cells were 30, 35, and 35, while the resolution was 0.6, 0.3
and 0.3, respectively. This led to the identification of the clusters as depicted in figure
19b. Similarly, a specific analysis was performed in the APC compartment with 35 PCs
and a resolution of 1.2 which led to the identification of the clusters depicted in figure
18b as well as a population of undefined cells. Afterwards, cluster annotations were
reintegrated into the full dataset and undefined cells were removed. SCTransform was
repeated on the RNA slot and PC analysis was repeated on the full dataset as well as the
subsets T and NK cells and APCs with the same parameters depicted before. Top
upregulated markers of each population were calculated based on the FindAllMarkers
function and a heatmap was generated based on the top 20 upregulated genes in each
cluster to represent them. For the calculation of differentially expressed genes within
individual clusters comparing the different treatment cohorts, namely control, partial
responders and resistant, the FindMarker function was utilized. For GSEA, the gene sets
from https://www.gsea-msigdb.org/gsea/msigdb/genesets.jsp were used, if not indicated

differently.

5.7 Spatial transcriptomic analysis

5.7.1 Sample processing for spatial transcriptomics

Immediately after euthanizing the mice and perfusion of the liver with PBS containing
5 mM EDTA, small pieces of the liver containing metastasis from the mice were taken
and shock-frozen in isopentane which was cooled down with liquid nitrogen. Afterwards,
the samples were embedded in Killik, O.C.T. Compound embedding medium for cryostat
(Bio-Optica/ 05-9801). The samples were stored at -80 °C.
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5.7.2 Library preparation for Visium

To proceed the samples for Visium analysis, 10 um sections of the previously prepared
tissues were prepared using a cryostat and placed on the visium slides. For that purpose,
the cryostat was cooled to 16 °C. Methanol fixation and Hematoxilin & Eosin (H&E)
staining was performed according to the manual provided by 10x Genomics under the
name Methanol Fixation, H&E Staining & Imaging for Visium Spatial Protocols (10x
Genomics/ CG000160 Rev A) using a Aperio ePathology digital scanner (Leica
Biosystems) for image acquisition. Afterwards, the samples were processed for Visium
analysis according to the manual: User Guide Visium Spatial Gene Expression Reagent
Kits (10X Genomics/ CG000239 Rev F).

5.7.3 Spatial transcriptomic sample analysis

Spatial transcriptomic samples obtained with the 10X Visium technology and sequenced
on Illumina machines were initially processed with the Space Ranger software v1.2.2.
More precisely, samples were demultiplexed using the mkfastq utility (which exploits the
[llumina’s bcl2fastq program) to produce initial FASTQ files. Then, starting from these
latter input reads and the corresponding microscope slide image, the count step was run
on each sample to perform alignment (exploiting STAR), tissue detection, fiducial
detection, and barcode/UMI counting. This results in a spot-by-gene matrix, which was
imported (with the corresponding tissue slide image) and analyzed with Seurat. It must
be noted that the difference between scRNA-seq and Spatial ScRNA-seq mainly consists
of having spatial spots, in which (possibly) more than a single cell could be present
(depending on the tissue and cell types). This means that UMI counts in each spot
represent the expressions of multiple cells. For all samples separately a SCTransform and
normalization was performed, and variable features were determined. Next, samples were
integrated into one data set. For that purpose, the IntegrateData function was used in
which the anchor set was previously determined by using the FindintegrationAnchors
function with anchor features being defined by the SelectintegrationFeatures function.
Data scaling was performed on the whole dataset followed by a principal component
analysis. For the generation of a UMAP visualization as well as cluster determination, 25
PCs were employed and a resolution of 0.1 has been used. Clusters were further manually
merged towards the 8 clusters depicted figure 21a based on their marker genes.

Differentially expressed genes in each cluster were determined using the FindMarker
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function. Individual spots belonging to clusters 1 and 6 were annotated as tumor, while
all the remaining ones as liver (Figure 21e). Based on a moving average function, spots
annotated as liver and tumor were divided into four zones each, leading to a classification
of each spot dependent on the distance to the tumor-liver interface (Figure 21f). For that
purpose, the geographic spot matrix was converted to a binary form based on tumor and
liver annotation of the spot. To define the closeness to the tumor-liver interface, the
moving average for each spot assigned as tumor and liver was determined separately for

the tumor and liver area with the function ma.matrix using the following formular:
moving average = ma.matrix[delta = 3] + 2 * ma. matrix[delta = 2]

For the determination of the zones, the following thresholds were set: zone A: moving
average (tumor) > 2.96; zone B: moving average (tumor) < 2.96 and > 2.7; zone C:
moving average (tumor) < 2.7 and > 2.3; zone D: moving average (tumor) <2.3; zone E:
moving average (liver) < 1.7; zone F: moving average (liver) <1.91 and > 1.7; zone G:
moving average (liver) < 2.095 and > 1.91; zone H: moving average (liver) > 2.095.
Differentially expressed genes comparing the different zones with each other within each
treatment cohort as well as comparing the treatment cohorts within each zone were
calculated using the FindMarker function. For GSEA the gene sets from
https://www.gsea-msigdb.org/gsea/msigdb/genesets.jsp  were used, if not indicated

differently.
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